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Protein phosphatase inhibitor-1 and cyclin-dependent kinase 5 (Cdkb5)
have been independently implicated in synaptic plasticity, learning, and memory.
We began our studies with the identification, confirmation, and characterization
of a novel Cdk5-dependent phosphorylation site (Ser6) on inhibitor-1. In the
striatum, basal in vivo phosphorylation and dephosphorylation of Ser6 were
mediated by Cdk5 and protein phosphatases 2A (PP-2A) and 1 (PP-1),
respectively.  Additionally, protein phosphatase 2B (PP-2B) contributed to
dephosphorylation under conditions of high Ca?*. Functionally, Cdk5-dependent
phosphorylation of inhibitor-1 intramolecularly impaired dephosphorylation and
deactivation of the protein, placing the activities of Cdk5 and protein kinase A
(PKA) in synergism in the negative regulation of PP-1.

These studies uncovered a potential new regulatory mechanism for Cdk5.
Investigation revealed that depolarization differentially regulates the Cdk5-
dependent sites of inhibitor-1 and its homologue dopamine- and cAMP-regulated

phosphoprotein (DARPP-32) in a cofactor- and N-methyl-D-aspartate (NMDA)



receptor-independent manner. Effects on DARPP-32 were Ca**-mediated and
PP-2A-dependent, while effects on inhibitor-1 were nonselectively cation-
mediated and either partially PP-2B-dependent or independent of the major
serine/threonine phosphatases, depending on the site.

Given the uncertain role of inhibitor-1 in learning and memory, we next
focused on identifying behaviors and substrates impacted by inhibitor-1 function.
Mice constitutively lacking inhibitor-1 displayed enhanced neurogenesis and
mildly impaired habituation, but normal contextual fear and novelty learning.
Furthermore, levels of hippocampal inhibitor-1 were increased by voluntary
wheel running, a stimulus for neurogenesis. Thus, inhibitor-1 may function in an
anti-neurogenic mechanism and be more important in the direct or indirect
modulation of dopamine-dependent behaviors than in the mnemonic functions of
the hippocampus.

Using a whole-cell patch clamp approach, we also attempted to identify
electrical properties of dentate granule cells that might be affected by Cdk5-
dependent phosphorylation of inhibitor-1. Most promising among the results was
a reduction in the ability of granule cells lacking inhibitor-1 to faithfully respond
to high-frequency trains of stimuli. Granule cell excitability was also increased
by pharmacological inhibition of Cdk5 with roscovitine. Finally, in a related
study, we helped firmly establish a role for Cdk5 in hippocampal synaptic
plasticity by demonstrating that conditional loss of Cdk5 enhances NMDA

receptor-mediated currents, particularly of the NR2B type.
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CHAPTER ONE

INTRODUCTION

The reversible phosphorylation of proteins is one of the most common
signaling modalities available to living cells, representing by far the most
prevalent form of posttranslational modification. Phosphorylation cascades
control virtually every aspect of biology, and novel phosphorylation sites are
being identified at increasing rates with the advent of mass spectrometric
technologies (Campbell and Morrice, 2002). While the phosphorylation state of a
protein is dictated by the balance between the kinase and phosphatase activities
that act upon it, recognition of the importance of phosphatases has generally
fallen behind that of kinases.

Protein kinases have long dominated the world of intracellular signaling,
in part because they outnumber protein phosphatases by about three-fold. Even
more striking, serine/threonine kinases outnumber serine/threonine phosphatases
by about twenty-fold (Bollen, 2001). In the past decade, an explosion in the
discovery of phosphatase regulatory subunits has led to the conclusion that
phosphatases, though fewer in number, are just as highly regulated. Traditionally
regarded as passive regulators that function in homeostasis, phosphatases are
increasingly being recognized for their roles in the activation and amplification of

particular signals.



One of the earliest such examples came with the discovery of protein
phosphatase inhibitor-1. An inhibitor of protein phosphatase 1 (PP-1), inhibitor-1
is remarkable in its absolute dependence on cAMP-dependent protein kinase
(PKA) activity for its function (Endo et al., 1996; Foulkes et al., 1983; Huang
and Glinsmann, 1976). Reversal of PKA-dependent phosphorylation of
inhibitor-1 at Thr35 by calcineurin (PP-2B, or Ca?*/calmodulin-dependent protein
phosphatase) (Ingebritsen and Cohen, 1983) inactivates inhibitor-1, preventing it
from further inhibiting PP-1. Thus, inhibitor-1 represents one mechanism
whereby PKA can amplify CAMP signals by preventing the dephosphorylation of
sites shared with PP-1. In this manner, inhibitor-1 served as one of the first of an
undoubted many examples of cross-talk between kinases and phosphatases.

In 2001, cyclin-dependent kinase 5 (Cdk5) joined the fray of cross-talk on
inhibitor-1, when it was shown to phosphorylate inhibitor-1 at a different site,
Ser67 (Bibb et al., 2001b). The phenomenon of multi-site phosphorylation by one
or more Kkinases is not uncommon and provides great potential for signal
integration (Cohen, 2000; Holmberg et al., 2002; Yang, 2005). A relatively
recently discovered proline-directed serine/threonine kinase, Cdk5 has been
implicated in numerous aspects of neuronal function and dysfunction. Included in
its broad list of substrates are proteins involved in synaptic vesicle recycling,
cytoskeletal dynamics, and dopaminergic signaling (Dhavan and Tsai, 2001).

Cdk5 is broadly expressed but its activity is predominantly localized to the brain,



where its requisite cofactors p35 (Lew et al., 1994; Tsai et al., 1994) and p39
(Tang and Wang, 1996; Tang et al., 1995) are expressed. Efforts at characterizing
the regulation of Cdk5 activity have been limited, with the majority of studies
focusing on downstream pathways. Pharmacologic inhibition of Cdk5, although
not without caveats, suggests an important role for Cdk5 in synaptic plasticity (Li
et al., 2001) and learning (Fischer et al., 2002, 2003). However, the importance
of Cdk5 to neurodevelopment, evidenced by the perinatal lethality of mice lacking
the gene (Ohshima et al., 1996), has hampered direct investigation into this and
other aspects of Cdk5 function.

Phosphorylation and dephosphorylation cascades, though important to a
variety of biological processes, are known to be especially important for synaptic
plasticity, particularly long-term potentiation (LTP) and long-term depression
(LTD). These terms incorporate a heterogeneous group of phenomena, the most
well-characterized of which is the Schaffer collateral type. In general,
phosphorylation favors LTP, and dephosphorylation favors LTD. The induction
of LTP, classically by high frequency stimulation (100 Hz for 1-2 s), involves a
transient increase in PKA activity (Roberson and Sweatt, 1996) followed by a
decrease in PP-1 activity (Blitzer et al., 1998; Brown et al., 2000; Woo et al.,
2002), while the induction of LTD, classically by low frequency stimulation (1 Hz
for 10 min), involves an increase in calcineurin activity (Mulkey et al., 1994).

Salient biochemical models of plasticity have not only incorporated the changes



in these activities, but also explained how potentiation and depression—two
seemingly opposite processes—could both depend on the activation of N-methyl-
D-aspartate (NMDA) receptors and the elevation of intracellular Ca?* levels.

In 1989 John Lisman proposed a model that would dominate the field of
long-term synaptic plasticity at the biochemical level for the next decade
(Lisman, 1989; Winder and Sweatt, 2001). He proposed that the magnitude of the
rise in Ca>* would determine whether the synapse was strengthened or weakened.
As a substrate whose function relies on the balance of activity between PKA and
calcineurin, both of which are known to be important to the long-term
modification of synaptic strength, inhibitor-1 became incorporated into this model
as a critical switch between potentiation and depression. The dependence of
inhibitor-1 function on PKA activity served as a useful theoretical link between
the increase in PKA activity and the decrease in PP-1 activity found during LTP,
whereas the antagonistic effects of PKA and calcineurin on inhibitor-1 function
provided the theoretical basis for a Ca®* sensor.

In Lisman’s model, low-frequency NMDA receptor stimulation results in
a slight elevation of intracellular Ca** levels, which leads to the activation of
calcineurin. In contrast, intense NMDA receptor stimulation results in a larger
elevation of intracellular Ca** levels sufficient to activate Ca®*/calmodulin-
dependent adenylyl cyclase, which in turn activates PKA by raising cCAMP levels.

The balance between these processes determines the phosphorylation state of



inhibitor-1 and thus its inhibitory activity against PP-1. PP-1 regulates the
phosphorylation state and activity of Ca®*/calmodulin-dependent protein kinase 11
(CaMKII) (Strack et al., 1997) and a number of other substrates thought to be
important in mediating changes in synaptic strength, including NMDA (Blank et
al., 1997; Snyder et al, 1998) and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) (Yan et al., 1999) receptors and CAMP response
element-binding protein (CREB) (Bito et al., 1996; Hagiwara et al., 1992).
Decreased PP-1 activity allows CaMKII to autophosphorylate on Thr286
(Kwiatkowski et al., 1988) and to enhance AMPA receptor conductance and/or
insertion (Lisman and Zhabotinsky, 2001). Thus, PP-1 activity contributes to the
induction of LTD (Mulkey et al., 1994), and inhibition of PP-1 promotes LTP
(Blitzer et al., 1998; Blitzer et al., 1995).

In keeping with Lisman’s model, a multitude of studies purportedly link
inhibitor-1 to hippocampal plasticity, learning, and memory. However, most of
these studies have employed exogenous inhibitor-1 to bring about a change in
plasticity or learning (Blitzer et al., 1998; Brown et al., 2000; Genoux et al., 2002;
Morishita et al., 2001; Mulkey et al., 1994), thereby truly implicating PP-1 and
not inhibitor-1. Furthermore, the few studies that have specifically examined the
function of endogenous inhibitor-1 have been conducted in the CAL region of the
hippocampus (Blitzer et al., 1998; Brown et al., 2000), which possesses negligible

amounts of inhibitor-1 (Allen et al., 2000). Inhibitor-1 knockout mice display



normal LTP and LTD in the Schaffer collateral pathway and perform normally in
the Morris water maze (Allen et al., 2000). Thus, despite the prominent position
inhibitor-1 has come to occupy as a regulator of PP-1 in biochemical models of
Schaffer collateral plasticity, the actual contribution of inhibitor-1 to hippocampal
learning and memory is questionable.

We began our studies with the characterization of a novel Cdk5-dependent
phosphorylation site on inhibitor-1, followed by an assessment of its functional
implications. These studies uncovered a potential new regulatory mechanism for
Cdk5, which we had hoped would link Cdk5-dependent phosphorylation of
inhibitor-1 to plasticity, learning, and memory. However, given the uncertain role
of inhibitor-1 in these processes, we instead focused on identifying behaviors and
substrates impacted by inhibitor-1 function. Using a whole-cell patch clamp
approach, we also attempted to identify electrical properties of dentate granule
cells that might be affected by inhibitor-1 function. Finally, in a related study we
helped firmly establish a role for Cdk5 in hippocampal synaptic plasticity by
evaluating the effects of conditional loss of Cdk5 on NMDA receptor currents as

an explanation for the observed enhancement in LTP and learning.



CHAPTER TWO

REGULATION OF PROTEIN PHOSPHATASE INHIBITOR-1

BY CYCLIN-DEPENDENT KINASE 5

Summary

Inhibitor-1, the first identified endogenous inhibitor of protein
phosphatase 1 (PP-1), was previously reported to be a substrate for cyclin-
dependent kinase 5 (Cdkb5) at Ser67. Further investigation has revealed the
presence of an additional Cdk5 site identified by mass spectrometry and
confirmed by site-directed mutagenesis as Ser6. Basal levels of phospho-Ser6
inhibitor-1, as detected by a phosphorylation-state specific antibody against the
site, existed in specific regions of the brain and varied with age. In the striatum,
basal in vivo phosphorylation and dephosphorylation of Ser6 were mediated by
Cdk5 and protein phosphatase 2A (PP-2A) and PP-1, respectively. Additionally,
calcineurin contributed to dephosphorylation under conditions of high Ca®*. In
biochemical assays the function of Cdk5-dependent phosphorylation of
inhibitor-1 at Ser6 and Ser67 was demonstrated to be an intramolecular
impairment of the ability of inhibitor-1 to be dephosphorylated at Thr35; this
effect was recapitulated in two systems in vivo. Dephosphorylation of inhibitor-1
at Thr35 is equivalent to inactivation of the protein, as inhibitor-1 only serves as

an inhibitor of PP-1 when phosphorylated by cAMP-dependent kinase (PKA) at



Thr35. Thus, inhibitor-1 serves as a critical junction between kinase and
phosphatase signaling pathways, linking PP-1 to not only PKA and calcineurin,

but also Cdk5.

I ntroduction

Phosphatases are now recognized as important players in processes
ranging from muscle contraction to synaptic plasticity. Protein phosphatase
inhibitor-1 (1-1)}, was identified from rabbit skeletal muscle in 1976 as an
inhibitor of PP-1 and a regulator of glycogen metabolism (Huang and Glinsmann,
1976). In recent years, interest in the protein has focused on its role in heart
failure and neuronal plasticity. In the brain, inhibitor-1 can be found in many
areas including the olfactory bulb, neostriatum, cerebral cortex, and the dentate
gyrus of the hippocampus. The level of inhibitor-1 in the rest of the hippocampus
is a matter of some debate; reports range from little or none to moderate amounts
(Allen et al., 2000; Barbas et al., 1993; Gustafson et al., 1991; Lowenstein et al.,
1995; Sakagami et al., 1994) .

Inhibitor-1 is a heat-stable 19 kDa protein that possesses little ordered
structure and a preponderance of glutamic acid and proline in its amino acid
sequence (Nimmo and Cohen, 1978). As a regulator of one of the three major

serine/threonine phosphatases in mammalian cells that can itself be regulated by a



major Kinase, inhibitor-1 occupies an important position in neuronal signal
transduction cascades. Only when phosphorylated by PKA at Thr35 does
inhibitor-1 become a potent (ICsp = 1 nM) and selective inhibitor of PP-1 (Endo et
al., 1996; Foulkes et al., 1983; Huang and Glinsmann, 1976). Through its action
on inhibitor-1, PKA can amplify cAMP signals by preventing the
dephosphorylation of sites it shares with PP-1. That calcineurin (PP-2B, or
Ca®*/calmodulin-dependent  protein phosphatase) can inactivate 1-1 by
dephosphorylating the PKA site (Cohen, 1989; Mulkey et al., 1994; Shenolikar
and Nairn, 1991) provides an added layer of complexity, as well as a point of
integration for cAMP- and Ca?*-dependent second messenger systems. The
ability of inhibitor-1 to link the actions of PKA and calcineurin to PP-1 has
allowed it to occupy a central position in molecular models of synaptic plasticity.
In 2001, inhibitor-1 was found to be phosphorylated at another residue
(Ser67) by Cdk5, a proline-directed serine/threonine kinase (Bibb et al., 2001b).
This phosphorylation did not have an effect on the ability of phospho-Thr35
inhibitor-1 to inhibit PP-1 and had only a mild effect on the ability of PKA to
phosphorylate inhibitor-1 at Thr35. Despite its name, Cdk5 is not cyclin-
dependent. Furthermore, unlike all other cyclin-dependent kinases, Cdk5 is most
active in postmitotic neurons due to its requirement for the relatively neuron-
specific cofactor p35 (Lew et al., 1994; Tsai et al., 1994), or its homologue p39

(Tang and Wang, 1996; Tang et al., 1995).
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While early studies focused on its ability to hyperphosphorylate tau and its
relationship to Alzheimer’s disease (Baumann et al., 1993), Cdk5 now boasts an
extensive list of substrates, including N-methyl-D-aspartate (NMDA) receptor (Li
et al., 2001), postsynaptic density, M, 95,000 (PSD-95) (Morabito et al., 2004),
meiosis-specific kinase 1 (MEK1) (Sharma et al., 2002), c-Jun N-terminal kinase
3 (JNK3) (Li et al., 2002), P/Q type voltage-gated Ca®* channel (Tomizawa et al.,
2002), synapsin | (Matsubara et al., 1996), mammalian unc-18 (Muncl8)
(Fletcher et al., 1999; Shuang et al., 1998), amphiphysin | (Floyd et al., 2001;
Nguyen and Bibb, 2003; Tan et al., 2003; Tomizawa et al., 2003), dynamin |
(Nguyen and Bibb, 2003; Tan et al., 2003; Tomizawa et al., 2003), microtubule-
associated protein 1B (MAP1B) (Paglini et al., 1998; Pigino et al., 1997),
[-catenin (Kesavapany et al., 2001; Kwon et al., 2000), stathmin (Hayashi et al.,
2006), focal adhesion kinase (FAK) (Xie et al., 2003), tyrosine hydroxylase
(Kansy et al., 2004; Moy and Tsai, 2004), Pctairel (Cheng et al., 2002), mSds3
(mouse Sds3) (Li et al., 2004), p53 (Zhang et al., 2002), TrkB (Cheung et al.,
2007), doublecortin (Graham et al., 2004; Tanaka et al., 2004), signal transducer
and activator of transcription 3 (STAT3) (Fu et al., 2004), disabled 1 (Dabl)
(Keshvara et al., 2002; Ohshima et al., 2007), NUDE-like (NUDEL) (Niethammer
et al., 2000), collapsin response mediator protein-2 (CRMP-2) (Brown et al.,
2004), and dopamine- and cAMP-regulated phosphoprotein, M, 32,000

(DARPP-32) (Bibb et al., 1999), an inhibitor-1 homologue. In the past decade,
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Cdk5 has been implicated in many aspects of normal and abnormal neuronal
function, including neurodevelopment, synaptic plasticity, and neurodegeneration.

In this report, we show that inhibitor-1 is actually phosphorylated at two
sites by Cdk5 in vitro and in vivo. Following discovery of the second site by
phosphopeptide and phosphoamino acid analyses, mass spectrometric
identification of the novel site as Ser6 was confirmed by in vitro phosphorylation
of site-directed mutants. Basal levels of phospho-Ser6 inhibitor-1 as detected by
a phosphorylation-state specific antibody generated against the site allowed
demonstration of its relevance to in vivo systems. Pharmacological manipulation
of both striatal lysates and striatal slices suggested that basal levels of
phosphorylation at Ser6 are controlled by the opposing actions of Cdk5, PP-2A,
and PP-1, while biochemical analyses revealed a novel intramolecular regulatory
function for Cdk5-dependent phosphorylation of inhibitor-1 that was recapitulated

in two in vivo systems.

Experimental Procedures
Chemicals and enzymes

All chemicals were from Sigma, except where indicated. Trypsin, shrimp
alkaline phosphatase, and endoproteinase Lys-C were from Promega.

Phosphorylase b was purchased from Calzyme. Protease inhibitors, dithiothreitol
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(DTT), isopropyl-4-D-thiogalactopyranoside (IPTG), and adenosine triphosphate
(ATP) were from Roche. [y-*?P]-ATP was from Perkin Elmer Life Sciences.
Cyclosporin A, calyculin A, okadaic acid, and forskolin were from LC
Laboratories, while U0126 and NMDA were from Tocris, and butyrolactone |
was from Biomol. Roscovitine and indolinone A and B were generously provided
by Laurent Meijer (Centre National de la Recherche Scientifique, Roscoff,
France) and Frank Gillardon (Boehringer Ingelheim), respectively. The catalytic
subunits of PKA and PP-1 were purified as previously described from bovine
heart (Kaczmarek et al., 1980) by Atsuko Horiuchi (Rockefeller University) and
rabbit skeletal muscle (Cohen et al., 1988) by Lim Tung (Weill Medical College
of Cornell University), respectively. Cdk5 and p25-Hiss were co-expressed in
insect Sf9 cultures using baculovirus vectors and affinity-purified by Janice W.
Kansy (UT Southwestern Medical Center) and Kanehiro Hayashi (UT
Southwestern Medical Center) (Saito et al., 2003). Cdk5/p35 was provided by
Taro Saito (Tokyo Metropolitan University). Cdkl/cyclin B and mitogen-
activated protein kinase (MAPK) were from New England Biolabs and
Calbiochem, respectively.  Cell culture reagents were from Invitrogen.
Oligonucleotides were ordered from Integrated DNA Technologies, while

phosphopeptides were synthesized at Rockefeller University.
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Subcloning

Inhibitor-1 was subcloned into pcDNA3.1 Flag (Invitrogen) from the
pET-15b expression vector incorporating the cDNA for rat inhibitor-1-Hisg (Bibb
et al., 2001b) using the Hindlll and Kpnl restriction sites and the following
primers: > CGGCCGAAGCTTATG GAGCCCGACAACAGTCC® and >CCCG

GGGGTACCTCATTTATCGTCATCGTCTTTGTAGTCCATGACCAAGCTGG

CTCCTTGGG®. A C-terminal FLAG tag (underlined) was included into the
primer design to avoid insertion of extraneous amino acids between the end of the

protein and the FLAG tag.

Ste-directed mutagenesis

The pET-15b and pcDNA3.1 Flag vectors served as templates for site-
directed mutagenesis using Stratagene’s QuikChange kit. The manufacturer’s
recommendations for mutagenic primer design were followed, and mutations
were confirmed by DNA sequencing using primer specific for the T7 promoter.
Janice W. Kansy (UT Southwestern) created the Ser6Asp, Ser6Glu, and Ser6Ala
/Ser67Ala pET-15b mutants. Primers used to introduce Ser6Asp, Ser6Glu, and
Ser6Ala mutations were 5’CCATGGAGCCCGACAACmCCACGGAAGATCC
AG® and their reverse complements, where xxx represents GAT, GAA, and GCT,
respectively. Primers used to introduce Ser67Asp, Ser67Glu, and Ser67Ala

mutations were °GTCCACACTGTCAATGGATCCACGGCAACGGAAG?®,
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YCAAGTCCACACTGTCAATGGAGCCACGGCAACGGAAG®, and °CCA
CACTGTCAATGGCTCCACGGCAACGG® and their reverse complements,

respectively.

Purification of inhibitor-1

Chemically competent BL21 (DE3) E. coli were transformed with
PET-15b expression vectors containing wild-type or mutant inhibitor-1. Cultures
were grown at 37°C in LB media until the ODgg reached 0.6-0.8, at which time
0.1 mg/ml IPTG was added. Induction proceeded for two hours at 37°C, after
which cells were harvested and washed with Tris-buffered saline (TBS). Pellets
from 10,000 x g spins were stored at —80°C for subsequent lysis by French press
in 50 mM NaH,PO, buffer, pH 8.0, containing 300 mM NaCl and protease
inhibitors. Cleared lysates were incubated with a nickel-nitrilotriacetic acid-
agarose resin (Qiagen) for one hour at 4°C, then washed 5 x 10 min in lysis buffer
containing 10% glycerol. Bound protein was batch-eluted with wash buffer
containing 0.5-1.0 M imidazole or eluted using a linear gradient of 0 to 1 M
imidazole. Samples were dialyzed overnight in 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), pH 7.4, with two changes of buffer.
Proteins were stored at —80°C following analysis for purity by 15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie

Brilliant Blue staining. Each time a fresh aliquot of protein sample buffer from
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the freezer was used for SDS-PAGE, as recombinant rat inhibitor-1 is extremely
sensitive to disulfide bond formation, in contrast to rabbit and human inhibitor-1,
which completely lack cysteines (Sikes and Shenolikar, 2005). Sufficient DTT in
the protein sample buffer was required to eliminate high molecular weight species
(~40-52 kDa) found in preparations of recombinant rat inhibitor-1 (Supplemental
Figure 2.1). The primary band ran at ~30 kDa; lower bands, likely corresponding

to degradation products, were also observed.

In vitro protein phosphorylation reactions

Protein phosphorylation reactions were generally conducted at 30°C in a
final volume of at least 20 ul containing 10 uM substrate, 200 uM ATP, and 0.2
mCi/ml [~*3P]-ATP. PKA reactions were conducted in 50 mM HEPES, pH 7.4,
1 mM ethylene glycol-bis(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid
(EGTA), 10 mM magnesium acetate, and 0.1 mg/ml bovine serum albumin
(BSA), while Cdk5 reactions were conducted in 30 mM 3-(N-morpholino)-
propanesulfonic acid (MOPS), pH 7.2, and 5 mM MgCl,. A mixture of ATP and
[-3?P]-ATP was used to initiate the reactions. Reactions were stopped by the
addition of an equal volume of 5x protein sample buffer (400 mM Tris, pH 6.8,
5% SDS, 35% glycerol, 128 mM DTT, and bromophenol blue). Time-course
reactions were performed by removing aliquots from a master reaction at defined

times. Dilutions of leftover reaction mixture (5 pl of 1:100 and/or 1:500) spotted
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onto filter paper served as standards (counts/pmol phosphate) for stoichiometric
calculations. Following separation of phosphorylated inhibitor-1 from unbound
[3P]-ATP by 15% SDS-PAGE, the dried gel and standards were analyzed by
Phosphorlmager technology, and bands were quantitated to determine the amount
of phosphorylated product in each reaction. The stoichiometries of reactions
lacking [**P]-ATP were inferred from reactions containing [;<**P]-ATP that
were conducted in parallel.

In some studies, preparative phosphorylation of inhibitor-1 by a protein
kinase was followed by repurification of phospho-inhibitor-1 prior to use in a
subsequent assay. For these experiments, phospho-inhibitor-1 was repurified
from in vitro protein phosphorylation reaction mixtures by precipitation with
15-20% trichloroacetic acid and 0.5 mg/ml BSA on ice for 1-3 hours. Precipitates
were resuspended in 1 M Tris, pH 8.0 before overnight dialysis into 50 mM Tris,

pH 7.4.

In vitro protein dephosphorylation reactions

Phosphatase assays employing tissue lysates were performed at 30°C for
15 min in a final volume of 30 ul consisting of 10 ul of substrate, 10 ul of lysate,
and 10 pl of additive. [}3P]-Ser6/Ser67Asp and [y~*2P]-Ser6/Ser67Ala were
generated by preparative phosphorylation of Ser67Asp and Ser67Ala inhibitor-1

with Cdk5 in the presence of [<*’P]-ATP, respectively. Freshly-harvested
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striatal/hippocampal tissue was lysed by Dounce homogenization in 50 mM Tris,
pH 7.4, containing 150 mM NaCl and protease inhibitors, then cleared by
centrifugation at 14,000 x g for 15 min at 4°C. In some reactions, 2 mM EGTA
was included in the lysis buffer. Additives were used at a final concentration of
1 uM microcystin, 5 uM fostreicin, 0.1 pg/ul neurabin, 1 uM cyclosporin A,
5 mM/1 mM EGTA/ethylenediamine tetraacetic acid (EDTA), and 2 nM or 1 uM
okadaic acid. 15 ug of cleared lysate was used for each reaction. Reactions were
guenched and analyzed as with PP-1 inhibition assays described below.
Phosphorylase a served as the substrate for PP-1 inhibition assays.
Phosphorylase a was generated by the preparative phosphorylation of
phosphorylase b by phosphorylase kinase at 30°C for one hour in 100 mM Tris,
pH 8.2, 100 mM B-glycerol phosphate, 0.1 mM CaCl,, 10 mM magnesium
acetate, 200 uM ATP, and 1.7 mCi/ml [~*3P]-ATP. The reaction was stopped by
the addition of an equal volume of 90% saturated ammonium sulfate. Following
precipitation on ice for 20-60 min, the mixture was centrifuged at 14,000 x g for
15 min. The pellet was resuspended in wash buffer (50 mM Tris, pH 7.0, 0.1 mM
EGTA, 0.1% p-mercaptoethanol) and dialyzed extensively overnight into 10 mM
Tris, pH 7.5, 0.1 mM EGTA, and 10% glycerol. Alternatively, the reaction was
stopped by desalting over a PD10 column (Amersham). Unincorporated [7-3P]-

ATP was then removed by ammonium sulfate precipitation and application to a
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NICK column (Amersham). PP-1-mediated dephosphorylation reactions occurred
at 30°C in a final volume of 30 ul containing 10 uM *2P-phosphorylase a, 50 mM
Tris, pH 7.0, 0.01% Brij, 0.1% p-mercaptoethanol, 0.3 mg/ml BSA, 0.1 mM
EGTA, and 5 mM caffeine. Reactions were stopped by the addition of 150 pl
20% trichloroacetic acid. Following incubation on ice for 15-30 min, mixtures
were centrifuged at 14,000 x g for 10 min. 150 ul of the supernatant, as well as
what remained in the centrifuged tube, was analyzed by Cerenkov counting.
Percentage dephosphorylation was calculated as (counts in the supernatant —
background) / (total counts in the supernatant and pellet). Background was
calculated as (total counts in the supernatant and pellet) * background percentage,
where background percentage equaled (counts in the supernatant) / (total counts
in the supernatant and pellet) in a reaction lacking PP-1 and inhibitor-1.
Calcineurin-mediated dephosphorylation assays were conducted similarly,
except in 33 mM Tris, pH 7.0, 0.01% Brij, 0.1% B-mercaptoethanol, 0.3 mg/ml
BSA, 100 uM CaCl, and 1 pM calmodulin with 1 pM 3?P-Thr35 inhibitor-1.
Substrates for calcineurin assays were phosphorylated first by PKA, then by

Cdks.
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Phosphopeptide maps and phosphoamino acid analysis
Phosphopeptide maps and phosphoamino acid analysis were conducted by
James A. Bibb (UT Southwestern Medical Center) as previously described

(Hemmings et al., 1984).

Phosphorylation site identification by mass spectrometry

%2p_labeled  phospho-Ser6/Ser67Ala inhibitor-1,  resulting  from
phosphorylation by Cdk5 in the presence of [~*2P]-ATP, was analyzed by SDS-
PAGE and digested with Asp-N by James A. Bibb (UT Southwestern Medical
Center). Joseph Fernandez (Rockefeller University) subjected some of the digest
mixture to matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) (Campbell and Morrice, 2002). The remainder
was fractionated by reversed-phase high-performance liquid chromatography
(HPLC) on a Cyg column (Vydac, 1.0 mm inner diameter x 150 mm), and
collected fractions were screened for radioactivity (Bibb et al., 2001b). The
fraction containing the radiolabel was analyzed by MALDI-TOF MS. A small
aliquot of the fraction was also treated with shrimp alkaline phosphatase in 50
mM NH4HCO; at 37°C for 30 min before MALDI-TOF MS to confirm

phosphorylation. The identity of the peptide was verified by Edman degradation.
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Generation of phosphorylation state-specific antibodies

Rabbit polyclonal phosphorylation state-specific antibodies for phospho-
Ser6 inhibitor-1 were generated and affinity-purified, at least initially, by Janice
W. Kansy (UT Southwestern Medical Center) as previously described (Czernik et
al., 1997), using the synthetic phosphopeptide Met-Glu-GIn-Asp-Asn-phospho-
Ser-Pro-Arg-Lys-lle-Cys (Rockefeller University) as an immunogen. Antisera
(1:200) were evaluated for specificity by immunoblot analysis of dephospho- and
phospho-inhibitor-1 standards, as well as brain homogenates of wild-type and
inhibitor-1 knockout mice (Supplemental Figure 2.2). Polyclonal antibodies
were purified from high-titer antisera by column affinity chromatography to the
peptide antigen, which was conjugated to AminoL.ink resin (Pierce). The column
was washed with 50 mM Tris, pH 7.5, 1 M NacCl, 0.05% Tween-20, then with 50
mM sodium borate, pH 8.5, 500 mM NacCl, 0.05% Tween-20. Antibodies were
eluted with 100 mM glycine, pH 2.5, quenched with 1.5 M Tris, pH 8.5, dialyzed
into 10 mM MOPS, pH 7.5, 154 mM NaCl, stored at —20°C, and checked for

specificity.

| mmunohistochemistry
Mice were deeply anesthetized with halothane and subjected to
intracardiac perfusion with 4% paraformaldehyde in phosphate-buffered saline

(PBS). Brains were removed and fixed overnight before being cryoprotected in
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30% sucrose-PBS. Coronal sections (8 um) were cut using a cryostat (Leica
Microsystems), placed on glass slides, and stored at 4°C. Sections containing the
hippocampus were dried for 30 min and blocked with blocking buffer (5% BSA,
3% normal goat serum, and 0.1% Triton X-100) for 1 h at room temperature, then
incubated with phospho-Ser6 inhibitor-1 antibody (1:100) overnight at 4°C. The
next day slides were washed 3 x 10 min with blocking buffer before a 2-h
incubation with Cy3-conjugated horse anti-rabbit secondary antibody (1:200,
Jackson ImmunoResearch) in PBS. After one 10-min wash with blocking buffer,
cells were stained with 4'-6-diamidino-2-phenylindole (DAPI, 1:10,000, Pierce) in
PBS at room temperature for 10-15 min. Following 3 x 10 min washes with PBS,
slides were successively dehydrated with 1-min incubations in 50%, 70%, 95%,
and 100% ethanol, then cleared with 3 changes of Citrisolv (1, 5, and 10 min,
Fisher Scientific). Slides were coverslipped with DPX mountant (Fluka) and

examined with an Olympus DX51 epifluorescent light microscope.

Preparation and incubation of acute slices

Male C57BL/6 mice (6-12 weeks old) were sacrificed by live decapitation,
two at a time. Brains were rapidly removed into partially frozen oxygenated
Krebs buffer (124 mM NaCl, 4 mM KCI, 26 mM NaHCOs3, 1.5 mM CaCl,, 1.25
mM KH,PO4, 1.5 mM MgSQ,, and 10 mM D-glucose, pH 7.4), blocked slightly

anterior to the cerebellum, and mounted onto a platform from which 400-pum
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sections were prepared with a vibratome. Coronal dorsal striatal slices and
paratransverse hippocampal slices were microdissected from these sections in
cold oxygenated Krebs buffer using a Leica S4E dissecting light microscope.
Each slice was transferred to a net-well (Costar) resting in one well of a 12-well
plate containing 3 ml of Krebs buffer and allowed to recover at 30°C under
constant oxygenation with 95% 0,/5% CO, for 45-60 min, with one or two
changes of buffer. Slices were subsequently treated with drugs as specified for
each experiment, transferred to microfuge tubes, snap-frozen on dry ice, and
stored at —80°C until further analysis. Where applicable, control slices were
treated with dimethyl sulfoxide (DMSO), the solvent used to dissolve roscovitine,
butyrolactone, U0126, indolinone A & B, okadaic acid, calyculin A, cyclosporin

A\, and forskolin.

Transfection of PC12 cells

PC12 rat pheochromocytoma cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 5% fetal bovine serum (FBS) and
10% horse serum in 10-cm plates. Experiments were conducted in 24-well pates
coated with poly-D-lysine. Cells were transfected using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. After 24 h, the culture
medium was replaced with medium containing one-tenth the normal amount of

serum. Transfected cells were cultured for an additional 16 h before being treated
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with vehicle (DMSQO) or forskolin (5 uM, 10 min). After drug treatment, cells
were washed twice with PBS and lysed directly in the plate with boiling 1% SDS
containing 50 mM NaF. Lysates were boiled for 10 min and stored at —80°C until

further analysis.

Immunoblot analysis of cell and tissue homogenates

Striatal slices and gross dissections of brain regions were homogenized by
sonication in boiling hot lysis buffer (1% SDS and 50 mM NaF), then
immediately boiled for an additional 10 min. Samples for the peripheral
distribution of inhibitor-1 had to be lysed in a different buffer (5 mM Tris, pH 8.4,
0.1 mM EGTA), boiled for 40 min, and centrifuged at 15,000 x g for 15 min to
eliminate a cross-reactive band at the same molecular weight. An equal amount
of total protein (80-100 ug of brain homogenate, 25 pg of cleared peripheral
tissue homogenate, or 25 ug of PC12 cell lysate) from each sample as determined
by the bicinchoninic acid (BCA) protein assay (Pierce) was subjected to 15%
SDS-PAGE and transferred to nitrocellulose membrane overnight. Membranes
were blocked in 5% milk (or 5% BSA) + TBS-Tween (TBS-T) for one hour, then
incubated with polyclonal antibodies for phospho-Ser6 inhibitor-1 (1:750) (see
Results), phospho-Ser67 inhibitor-1 (1:4000) (Bibb et al., 2001b), total inhibitor-1

(1:2000) (Gustafson et al., 1991), or phospho-Thr34 DARPP-32/phospho-Thr35
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inhibitor-1 (1:750) (Snyder et al., 1992) for one hour at room temperature or
overnight at 4°C. Blots for phospho-Thr35 inhibitor-1 required overnight
incubation for detection of a signal in brain lysate. After several brief rinses with
deionized water, membranes were washed 3 x 10 min with TBS-T and incubated
with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody
(Chemicon, 1:5000) for one hour at room temperature. Following more deionized
water rinses and 3 x 10 min washes with TBS-T, membranes were developed with
an enhanced chemiluminescence immunodetection system (Amersham
Biosciences). All antibody incubations were in 5% milk + TBS-T, except that for

phospho-Thr35 inhibitor-1, in which BSA replaced milk.

Nuclear magnetic resonance

E. coli transformed with pET-15b containing inhibitor-1 were grown as
described above, except in minimal media containing *NH,Cl. After nickel-
affinity chromatography purification, *>N-labeled inhibitor-1 was dialyzed into 25
mM sodium phosphate, pH 6.5, for two-dimensional nuclear magnetic resonance
(2D NMR) analysis. Heteronuclear single quantum correlation (HSQC) spectra
were obtained and analyzed by Irina Dulubova (UT Southwestern Medical

Center).
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Data analysis

Image J (NIH) was used to quantitate immunoblots. All results are stated
as percentage decrease or fold increase of the mean + error. Error of the change
was calculated from standard errors of the mean using error propagation formulas.
Individual bands of representative blots were always taken from the same
exposure of the same membrane, and all represented total bands were derived

from the same sample on the same membrane as the corresponding phospho-band.

Results
Discovery, identification, and confirmation of Ser6 as a novel Cdkb site of
inhibitor-1

Inhibitor-1 was previously reported to be phosphorylated by Cdk5 at
Ser67 (Bibb et al., 2001b). Phosphopeptide maps of wild-type and Ser67Ala
inhibitor-1 phosphorylated by the proline-directed serine/threonine kinases Cdk1,
MAPK, and Cdk5 were generated by James A. Bibb (UT Southwestern Medical
Center) during the characterization of this phosphorylation site (Figure 2.1A).
Surprisingly, unlike that for Cdk1 and MAPK, the phosphopeptide map for wild-
type inhibitor-1 phosphorylated by Cdk5 revealed two major phosphopeptide
species. Mutation of Ser67 to Ala eliminated one of these phosphopeptide

species, suggesting the presence of an additional site of Cdk5-dependent
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phosphorylation.  Phosphoamino acid analysis of wild-type and Ser67Ala
inhibitor-1 conducted by James A. Bibb (UT Southwestern Medical Center)
revealed the novel site to be a serine (Figure 2.1B).

Ser67Ala inhibitor-1 preparatively phosphorylated by Cdk5 in the
presence of [~3?P]-ATP was next digested with Asp-N to facilitate identification
of the novel site. MALDI-TOF mass spectrometry of the digest by Joseph
Fernandez (Rockefeller University) revealed peaks at 1707.86 and 1613.20,
representing the phosphorylated peptide “DNSPRKIQFTVPLL' and its daughter
ion, respectively (Figure 2.2A). The daughter ion, which resulted from a loss of
H3PO,, formed a characteristic broad peak due to its inability to be focused on the
MALDI-TOF detector (Campbell and Morrice, 2002). Since Ser6 is the only
serine or threonine directly followed by a proline in this fragment, it was
concluded to be the novel site of phosphorylation. As further confirmation, the
proteolytic fragments were fractionated by capillary HPLC into a 96-well plate,
and collected fractions were screened for radioactivity (Figure 2.2B, top panel).
Counts were found primarily in a single fraction, which produced a predominant
mass of 1708.26 by MALDI-TOF MS analysis (Figure 2.2B, middle panel).
Upon treatment of a small portion of the fraction with alkaline phosphatase, a
mass of 1708.26 — 80 Da (M, PO3) = 1628.67 was observed (Figure 2.2B, bottom
panel), confirming the peptide was phosphorylated. The identity of this peptide as

“DNSPRKIQFTVPLL' was verified by Edman degradation microsequencing.
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These findings were supported by site-directed mutagenesis. Mutation of
both Ser6 and Ser67 resulted in no detectable phosphorylation by Cdk5 (Figure
2.3A). Thus, Ser6 and Ser67 are the only sites of phosphorylation by Cdk5.
Curiously, in in vitro phosphorylation reactions mutation of Ser6 to Ala decreased
phosphorylation of inhibitor-1 by 44% after one hour, while mutation of Ser67 to
Ala decreased phosphorylation by 85%, instead of the expected 66%. The
incongruence of these numbers suggests that phosphorylation of Ser6 may have to
follow that of Ser67. Indeed, phosphomimetic mutation of Ser67 to an aspartate
more than doubled the ability of Cdk5 to phosphorylate Ser6, whereas
phosphomimetic mutation of Ser6 did not affect the ability of Cdk5 to
phosphorylate Ser67.

In a somewhat related experiment, the ability of various forms of
inhibitor-1 to serve as a substrate for Cdk5/p35, rather than Cdk5/p25, was
evaluated. Altered substrate specificity due to cofactor differences has previously
been hypothesized, but not directly demonstrated. In time course reactions, the
efficiency of phosphorylation of Ser67Ala inhibitor-1 compared to that of wild-
type inhibitor-1 was similar for Cdk5/p35 and Cdk5/p25 (Figure 2.3B). The
stoichiometry achieved by Cdk5/p35 was lower than that for Cdk5/p25, likely due
to activity differences between different preparations of enzyme. There was no
detectable phosphorylation of inhibitor-1 when both Ser6 and Ser67 were mutated

to Ala.
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Demonstration of the in vivo phosphorylation of inhibitor-1 at Ser6

To confirm the in vivo relevance of this novel phosphorylation event, a
phosphorylation state-specific antibody to phospho-Ser6 inhibitor-1 was
generated. Phospho-specificity of the purified antibody was demonstrated by
immunoblot analysis of recombinant wild-type or Ser6Ala inhibitor-1
preparatively phosphorylated or mock phosphorylated by Cdk5 (Figure 2.4A). A
strong signal was detected from wild-type inhibitor-1 incubated with Cdk5, but
not wild-type inhibitor-1 incubated without Cdk5 or Ser6Ala inhibitor-1
incubated with Cdk5. In a tissue distribution analysis, basal levels of phospho-
Ser6 inhibitor-1 were observed throughout the mouse brain in regions where total
inhibitor-1 was detected, including the olfactory bulb, striatum, hippocampus, and
cortex (Figure 2.4B). In peripheral tissues, phospho-Ser67 and total inhibitor-1
could be detected in kidney, fat, gastrocnemius, and abdominal skeletal muscle.
However, phosphorylation of inhibitor-1 at Ser6 was not detected in peripheral
tissues, with the exception of fat (Figure 2.4C). No signal was detected in the
corresponding regions of inhibitor-1 knockout mice (Allen et al., 2000),
confirming the specificity of the observed band in tissue homogenates. The
developmental profile of phospho-Ser6 and phospho-Ser67 with respect to total
inhibitor-1 in mouse striatum collected by Kanehiro Hayashi (UT Southwestern
Medical Center) showed high levels of phosphorylation of both sites at embryonic

day 18, which steadily decreased to stable levels by about four weeks of age
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(Figure 2.4D). Immunohistochemical analysis using the phospho-Ser6
inhibitor-1 antibody revealed an apparently specific signal in the granule cell
layer of the dentate gyrus and the surrounding cortex (Supplemental Figure 2.3).
Preliminary estimates place the in vivo stoichiometry of phospho-Ser6 inhibitor-1

in the hippocampus at ~40% based on normalization to recombinant standards.

In vivo phosphorylation of inhibitor-1 by Cdk5 at Ser6

Acutely dissected striatal slices were treated with the commonly-used
Cdk5 inhibitor roscovitine to determine whether Cdk5 is actually the kinase
responsible for phosphorylating inhibitor-1 at Ser6 in vivo. Akinori Nishi
(Kurume University School of Medicine) found that levels of phospho-Ser6
inhibitor-1 were reduced by roscovitine in a dose-dependent manner, with 50 uM
roscovitine causing a 65 + 8% reduction (Figure 2.5A). He also found that
another Cdk5 inhibitor, butyrolactone I, also caused a decrease (37 = 7%),
whereas the MAPK pathway inhibitor U0126 had no effect (Figure 2.5B).

As further evidence of the in vivo phosphorylation of inhibitor-1 by Cdk5
at Ser6, striatal slices were treated with the novel Cdk5 inhibitor indolinone A
(Gillardon et al., 2005a; Gillardon et al., 2005b; Weishaupt et al., 2003).
Indolinone A reduced levels of phospho-Ser6 inhibitor-1 in a dose-dependent
manner, with 5 uM indolinone A causing a 36 + 17% decrease (Figure 2.5C). In

contrast, indolinone B, primarily an inhibitor of Cdk4 (Weishaupt et al., 2003),
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had no effect (Figure 2.5D). Phospho-Ser67 inhibitor-1 levels were similarly
reduced (Supplemental Figure 2.4). For unclear reasons, indolinone A had a
much larger effect on the prototypical Cdk5-dependent site Thr75 of DARPP-32.
At concentrations of 500 nM and 5 uM, indolinone A reduced levels of phospho-
Thr75 DARPP-32 by 48% and 74%, respectively (David R. Benavides, UT
Southwestern Medical Center, personal communication).

Interestingly, pharmacological inhibition of Cdk5 in the hippocampus did
not produce the same results. While treatment of acutely dissected hippocampal
slices with roscovitine reduced levels of phospho-Ser67 inhibitor-1 by 44 + 15%,
levels of phospho-Ser6 inhibitor-1 remained unaffected (Figure 2.6). As an
aside, treatment with roscovitine increased levels of phospho-Thr35 inhibitor-1 by
2.2 + 0.2-fold (Supplemental Figure 2.5), in keeping with the general
observation that roscovitine elevates phosphorylation of many PKA-dependent
sites (David R. Benavides and Kanehiro Hayashi, UT Southwestern Medical
Center, personal communication).

One explanation for the lack of effect of roscovitine on phospho-Ser6
inhibitor-1 levels in the hippocampus is that perhaps the phosphorylation is stable,
such that inhibition of Cdk5 activity for only one hour does not allow enough time
for the site to turn over. Since turnover of Ser6 might be expected to occur after
activation of inhibitor-1 by PKA, hippocampal slices were treated with the

adenylyl cyclase activator forskolin. Levels of two PKA-dependent sites,
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phospho-Thr34 DARPP-32 and phospho-Thr35 inhibitor-1, as well as the Cdk5-
dependent sites of inhibitor-1, were monitored after varying durations of washout
of the drug to identify conditions in which levels of phospho-Ser6 inhibitor-1
might be more amenable to regulation by inhibition of Cdk5 activity
(Supplemental Figure 2.6). Unfortunately, washout of the effects of forskolin on
phospho-Thr34 DARPP-32 and phospho-Thr35 inhibitor-1 did not occur in the
time frame tested. Furthermore, levels of phospho-Ser6 inhibitor-1 were
significantly reduced with time under both control and drug-treated conditions.
Thus, it is difficult to attribute any changes in levels of phospho-Ser6 inhibitor-1
to the washout of forskolin. For unclear reasons, simply replacing the buffer in
which the slice was incubating induced a decrease in phosphorylation at Ser6. In

contrast, levels of phospho-Ser67 and total inhibitor-1 remained unchanged.

In vivo dephosphorylation of inhibitor-1 by PP-2A, PP-1, and calcineurin at Ser6

Phosphatase assays employing cell lysates were next employed to identify
candidate phosphatases responsible for dephosphorylation of Ser6 (Figure 2.7A).
[-%%P]-Ser6/Ser67Asp, generated by preparative phosphorylation of Ser67Asp
inhibitor-1 with Cdk5 in the presence of [~*?P]-ATP, was used as a substrate for
dephosphorylation by endogenous phosphatases found in acutely prepared striatal
homogenates. In the presence of the Ca®* chelator EGTA, there was measurable

dephosphorylation of [~**P]-Ser6/Ser67Asp inhibitor-1 that was eliminated by
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inclusion of microcystin, an inhibitor of both PP-2A and PP-1. Inclusion of
fostreicin, primarily an inhibitor of PP-2A, and neurabin (McAvoy et al., 1999), a
protein inhibitor of PP-1, caused 66 + 6% and 37 + 4% decreases in
dephosphorylation, respectively. In contrast, the calcineurin inhibitor cyclosporin
A had no effect. When the assay was repeated without EGTA in the lysis buffer,
the rate of dephosphorylation increased by 2.7 + 0.2-fold, suggesting that
calcineurin was activated under this condition. This conclusion was supported by
the fact that addition of cyclosporin A, a highly specific calcineurin inhibitor,
resulted in a significant decrease in inhibitor-1 dephosphorylation (36 + 16%).
Thus, PP-2A and PP-1 dephosphorylate Ser6 under basal conditions, and
calcineurin can contribute to dephosphorylation under conditions of high Ca*.
Similar results were observed for the dephosphorylation of [}-3P]-
Ser6/Ser67Ala by endogenous phosphatases found in hippocampal homogenates
(Figure 2.7B). In these experiments, 1 uM okadaic acid, used to inhibit
PP-2A/PP-1, impaired dephosphorylation of Ser6. Although low nanomolar
concentrations of okadaic acid effectively and selectively inhibit the catalytic
subunit of PP-2A (ICsp = 1.6 nM) in vitro (Bialojan and Takai, 1988), 2 nM
okadaic acid did not prevent dephosphorylation of Ser6 in these assays. One
possibility is a relative impotency of okadaic acid towards PP-2A associated with

regulatory factors found in the homogenate.
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Akinori  Nishi  (Kurume  University  School of Medicine)
pharmacologically treated acutely dissected striatal slices with various
phosphatase inhibitors to allow further exploration in a more intact system
(Figure 2.7C). Calyculin A, an equally potent inhibitor of PP-1 and PP-2A,
resulted in a 1.4 + 0.2-fold increase in levels of phospho-Ser6 inhibitor-1. In
striatal slices, 200 nM okadaic acid inhibits 80% of PP-2A activity and 5% of
PP-1 activity, while 1 uM okadaic acid inhibits 95% of PP-2A activity and 35%
of PP-1 activity (Nishi et al., 1999). Both concentrations of okadaic acid raised
levels of phospho-Ser6 inhibitor-1, 200 nM by 1.42 + 0.2-fold and 1 uM by 2.1 +
0.2-fold. In contrast, the calcineurin inhibitor cyclosporin A was ineffective.

Striatal slices were next treated with NMDA to see if calcineurin could
contribute to the dephosphorylation of Ser6 under conditions of increased
intracellular Ca®*. NMDA caused levels of phospho-Ser6 inhibitor-1 to decrease
by 80 + 12%. Pairing the NMDA treatment with cyclosporin A resulted ina 3.1 +
1.0-fold increase in the level of phosphorylation of Ser6 compared to NMDA
treatment alone (Figure 2.7D). Thus, by two different systems, PP-2A and PP-1
were found to dephosphorylate Ser6 under basal conditions and calcineurin was

found to act under conditions of elevated Ca®".



34

Functional significance of Cdk5-dependent phosphorylation of inhibitor-1 in vitro

Functional analyses of phosphorylation are greatly facilitated by the use of
phosphomimetic mutants, since complete phosphorylation can be difficult to
achieve invitro (Bibb and da Cruz e Silva, 1997). Thus, we screened for potential
functions using phosphomimetic mutants and confirmed positive results using
preparatively phosphorylated material. ~ Given the proximity of Ser6 to
inhibitor-1’s PP-1 binding motif *RKIQF", studies to assess the effect of Cdk5-
dependent phosphorylation of inhibitor-1 on PP-1 inhibition were conducted.
Phosphomimetic mutation of one or both Cdk5 sites to Asp or Glu was equally
ineffective in converting inhibitor-1 into an inhibitor of PP-1 in the standard assay
involving dephosphorylation of phosphorylase a by PP-1 (Cohen et al., 1988)
(Figure 2.8A). Likewise, phosphomimetic mutation of one or both Cdk5 sites in
the context of prior preparative phosphorylation at Thr35 by PKA did not alter the
ability of inhibitor-1 to inhibit PP-1. In accordance with previously published
values, the 1Cso for all mutant forms of phospho-Thr35 inhibitor-1 was ~5 nM
(Foulkes et al., 1983; Huang and Glinsmann, 1976). Thus, phosphorylation at
Ser6 functions neither in the direct inhibition of PP-1 nor the modulation of the
activity of the activated protein.

A possible function for inhibitor-1 other than PP-1 inhibition is suggested
by a study in which micromolar concentrations of peptides containing the PP-1

binding motif derived from DARPP-32 (similar to that for inhibitor-1) were able
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to compete and interfere with phospho-Thr35 inhibitor-1 for in vitro inhibition of
PP-1 (Kwon et al., 1997). Consequently, studies to evaluate whether PP-1
sequestration might be a function of inhibitor-1 altered by Cdk5-dependent
phosphorylation were conducted. Phosphomimetic-Ser6/Ser67 did not alter the
ability of dephospho-Thr35 inhibitor-1 to compete with phospho-Thr35
inhibitor-1 for PP-1 inhibition (Figure 2.8B). Addition of 10,000-fold excess of
dephospho-Thr35 inhibitor-1 over phospho-Thr35 inhibitor-1 inhibited ~40% of
the PP-1 inhibitory activity, whether or not Ser6 and/or Ser67 had been mutated to
mimic phosphorylation.

Given the all-or-none importance of Thr35 to inhibitor-1 function, we next
examined the effect of Cdk5-dependent phosphorylation of inhibitor-1 on the
ability of PKA to phosphorylate inhibitor-1 at Thr35 and activate it.
Phosphomimetic mutation of one or both Cdk5 sites did not alter the ability of
PKA to phosphorylate inhibitor-1 at Thr35 in time-course reactions (Figure
2.8C). All reactions achieved the same stoichiometry. However, PKA reactions
performed under linear conditions revealed that phosphomimetic mutation of both
Cdk5 sites, but not one Cdk5 site, impaired phosphorylation and activation of the
protein at Thr35 (Figure 2.8D).

The converse experiment involving dephosphorylation of Thr35 by
calcineurin was also conducted. In the context of phosphomimetic mutation (data

not shown) or prior phosphorylation at one or both Cdk5 sites (Figure 2.8E),
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calcineurin  was less efficient at dephosphorylating  [7*P]-Thr35.
Phosphorylation of Ser6 alone decreased initial rates of dephosphorylation of
Thr35 by 26%; phosphorylation of both Ser6 and Ser67 led to a 61% decrease.
Ser67Ala was used as another control, since isolation of the effects of Ser6 from
Ser67 required Ser67 to be mutated to allow the preparative phosphorylation of
Ser6 alone. Thus, the two Cdk5 sites appear to function in combination to
intramolecularly inhibit the dephosphorylation and inactivation of inhibitor-1 at

Thr35.

Functional significance of Cdk5-dependent phosphorylation of inhibitor-1 in vivo

To determine if this intramolecular inhibition of phosphorylation and
dephosphorylation occurs in vivo, we subcloned inhibitor-1 into a mammalian
expression vector and generated various forms in which one or both Cdk5 sites
were mutated to either mimic or block phosphorylation. Since phospho-Ser6
inhibitor-1 exists almost exclusively in the brain, PC12 cells were chosen for
transfection for their neuron-like phenotype and endogenous Cdk5 activity
(Sharma et al., 1999). The ability of PKA to phosphorylate inhibitor-1 at Thr35
and of endogenous phosphatases to reverse PKA-dependent phosphorylation was
examined. PC12 cells transfected with various forms of inhibitor-1 were treated
with forskolin, an adenylyl cyclase activator (Figure 2.9A). Despite equal levels

of inhibitor-1 expression, preventing endogenous Cdk5 from phosphorylating
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inhibitor-1 by mutation of one or both of the Cdk5 sites to Ala decreased levels of
phosphorylation at Thr35 by >75%, suggesting that the mutation(s) rendered
inhibitor-1 more vulnerable to dephosphorylation. Conversely, phosphomimetic
mutation of one or both Cdk5 sites resulted in a >45% increase in levels of
phospho-Thr35 inhibitor-1 as compared to controls. Thus, intramolecular
inhibition of dephosphorylation seems to predominate in vivo. Notably, for
unclear reasons, levels of total inhibitor-1 were reduced independently of the
Cdk5 sites upon treatment with forskolin (Supplemental Figure 2.7, top).
Phospho-Ser51 eukaryotic translation initiation factor 2o (elF2a) has
previously been shown to be a PP-1/inhibitor-1 target in HEK293T cells (Weiser
et al., 2004). However, despite a large increase in endogenous levels of phospho-
Thr35 inhibitor-1 (data not shown), treatment of untransfected PC12 cells with
forskolin lowered levels of phospho-Ser51 elF2a (Supplemental Figure 2.7,
bottom). Transfection of the various forms of inhibitor-1 did not substantially
alter basal levels of phospho-Ser51 elF2a (data not shown). Curiously, however,
transfection of inhibitor-1 forms mutated to mimic phosphorylation at one or both
Cdk5 sites impaired the ability of forskolin to reduce levels of phospho-Ser51
elF2a (Supplemental Figure 2.7, bottom), while transfection of wild-type
inhibitor-1 or inhibitor-1 forms mutated to prevent phosphorylation at the Cdk5
sites did not substantially alter the effect of forskolin. These results suggest that

PP-1 mediates the forskolin-induced reduction in levels of phospho-Ser51 elF2a.
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and that a critical level of phospho-Thr35 inhibitor-1, indirectly provided by
phosphomimetic mutation of the Cdk5 sites, is needed to prevent forskolin-
induced dephosphorylation.

In a second more physiological approach, we used NMDA to manipulate
levels of phospho-Ser6 and phospho-Ser67 inhibitor-1 in acutely dissected striatal
slices and looked for a corresponding change in levels of phospho-Thr35
inhibitor-1 (Figure 2.9B). Treatment of all slices with the PKA pathway activator
forskolin was necessary, as endogenous levels of phospho-Thr35 inhibitor-1 in
striatum are virtually undetectable. Indeed, the decrease in levels of phospho-
Ser6 (87 + 19%) and phospho-Ser67 (67 = 19%) inhibitor-1 caused by treatment
with NMDA correlated with a decrease in levels of phospho-Thr35 inhibitor-1 (88
+ 28%). The decreases in phospho-Thr35 and phospho-Ser6 inhibitor-1 were
partially reversed with cyclosporin A, even though cyclosporin A alone had no
effect. It is unclear whether the reversal in phospho-Thr35 levels is due to direct
inhibition of dephosphorylation of Thr35 or indirect inhibition of
dephosphorylation of Ser6. Regardless, together these data serve as the first
demonstration of the direct modulation of inhibitor-1 function by Cdk5 in living

cells.
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Structural effects of phosphomimetic mutation of inhibitor-1 at the Cdk5 sites
Inhibitor-1 is a protein with little structure, consisting primarily of random
coils and four short helical regions (Chyan et al., 2001). Recombinant wild-type
and Ser6Asp/Ser67Glu inhibitor-1 enriched in *°N was purified from E. coli. 2D
NMR conducted by Irina Dulubova (UT Southwestern Medical Center) revealed
that phosphomimetic mutation results in no major structural alterations (Figure
2.10). A tight clustering of residues, characteristic of unfolded proteins, was
observed in the *H-"N-HSQC spectra. Chemical shift assignments (*H, °N)
place Ser6, Ser67, and Thr35 at (8.2, 117.5), (8.37, 118.7), and (8.34, 117.2),
respectively (Chyan et al., 2001). One of the minor differences in the spectra
between wild-type and Ser6Asp/Ser67Glu inhibitor-1 occurs at (8.2, 117.5), likely

due to the Ser6 mutation itself.

Discussion

We report here the discovery, identification, and confirmation of a novel
phosphorylation site on inhibitor-1. This phosphorylation event, as detected by a
phosphorylation-state specific antibody, occurs in vivo and is mediated by Cdk5
in the striatum. Dependence upon Cdk5 was demonstrated through the use of the
Cdk5 inhibitors roscovitine, butyrolactone 1, and indolinone A. Though

indolinone A (ICsp = 5 nM) (Weishaupt et al., 2003) is a much more potent
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inhibitor of Cdk5 than roscovitine (ICso = 0.2 uM) (Meijer et al., 1997), it is a
novel compound that has not been used extensively. Surprisingly, roscovitine did
not cause levels of phospho-Ser6 inhibitor-1 to decrease in the hippocampus.
This observation might indicate that Cdk5 is not the kinase responsible for
phosphorylation of Ser6 in the hippocampus or that another kinase can
compensate in the absence of Cdk5. Another explanation is that perhaps the
phosphorylation of Ser6 is stable in the hippocampus, such that inhibition of Cdk5
activity for only one hour does not allow enough time for the site to turn over.

Higher expression of inhibitor-1 in the olfactory bulb, cortex, striatum,
and hippocampus than in the brain stem and cerebellum agrees with results
published at the protein (Lowenstein et al., 1995) and mRNA levels (Sakagami et
al., 1994). That phosphorylation of inhibitor-1 at Ser6 seems to occur wherever
inhibitor-1 is present in the brain suggests its importance to the function of the
protein. Phosphorylation of Ser67 in the striatum is attributed to Cdk5, as Cdk1 is
not active in postmitotic neurons and pharmacological inhibition of MAPK does
not alter levels of phospho-Ser67 inhibitor-1 (Bibb et al., 2001b). While
phosphorylation of Ser6 is relatively brain-specific, phosphorylation of Ser67
seems to be a general phenomenon occurring throughout the body.

CdkK5 activity is generally restricted to the brain (Lew et al., 1994; Tsai et
al., 1994), so presumably other kinases such as Cdkl and MAPK phosphorylate

Ser67 in peripheral tissues. However, some evidence suggests the presence of
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Cdk5 in low levels in peripheral tissues (Rosales and Lee, 2006), particularly the
insulin-secreting B cells of the pancreas, where it regulates insulin release (Lilja et
al., 2001; Wei et al., 2005a). Interestingly, PP-1 enhances the synthesis of insulin
via the dephosphorylation of eukaryotic translation initiation factor 2o (elF2a)
(Vander Mierde et al., 2007), which has been shown to be regulated by inhibitor-1
in transfected HEK293T cells (Weiser et al., 2004). Furthermore, inhibitor-1 and
its homologue DARPP-32 have recently been shown to localize to pancreatic 3
cells (Lilja et al., 2005). Thus, pancreatic 3 cells represent one non-neuronal
tissue in which Cdk5-dependent phosphorylation of inhibitor-1 may be important.

It is unclear what protein kinase is responsible for the small amount of
phospho-Ser6 inhibitor-1 detected in fat, as Ser6 was not shown to be a good
substrate for Cdkl or MAPK in vitro. Regardless, the major kinase responsible
for phosphorylation of Ser6 in the striatum is Cdk5, because pharmacological
inhibition of Cdk5 activity for one hour with roscovitine decreased phospho-Ser6
inhibitor-1 levels by ~65%.

Expression of total inhibitor-1 in kidney, fat, and skeletal muscle, but not
in lung, agrees well with previous results obtained at the protein (MacDougall et
al.,, 1989) and mRNA levels (Elbrecht et al., 1990). We could not detect
inhibitor-1 in the liver, as rat and mouse liver possesses little or no inhibitor-1
protein (MacDougall et al., 1989) or mRNA (Elbrecht et al., 1990), in contrast to

rabbit, guinea pig, porcine, and sheep liver. Although inhibitor-1 is widely
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studied in relation to cardiac failure (EI-Armouche et al., 2004; EI-Armouche et
al., 2003; Gupta et al., 2003; Gupta et al., 2005), we were also unable to detect a
signal in heart. This likely relates to the very low abundance of inhibitor-1 in this
tissue (Elbrecht et al., 1990; Gupta et al., 1996; Neumann et al., 1991).

That Cdk5-dependent phosphorylation of inhibitor-1 rendered it less
susceptible to dephosphorylation at Thr35, rather than having a direct effect on its
ability to inhibit PP-1, was somewhat surprising given the proximity of Ser6 to
inhibitor-1’s PP-1 binding motif ((RKIQF*?). The consensus sequence of this
degenerate motif is K/R/H/N/S V/I/L X F/W/Y (Bollen, 2001), and
phosphorylation of serine(s) close to or within this motif has been shown to
impair PP-1 binding to several partner proteins, including nuclear protein
phosphatase-1 (NIPP-1) (Beullens et al., 1999), neurabin | (McAvoy et al., 1999),
and muscle glycogen-binding subunit (Gy) (Liu and Brautigan, 2000). One
function of inhibitor-1 may be to facilitate interactions between PP-1 and various
other proteins. While competition assays involving phospho-Thr35 inhibitor-1
did not reveal an effect of Ser6 on PP-1 binding, the potency with which phospho-
Thr35 inhibitor-1 inhibits PP-1 leaves the distinct possibility that binding is
somewhat altered and that phosphorylation of Ser6 might impair such
interactions.

Ironically, PP-1—the phosphatase that inhibitor-1 is charged with

inhibiting—can dephosphorylate inhibitor-1 at Ser6. This circuit may function as
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a positive feedback loop in that activation of PKA will lead to phosphorylation of
inhibitor-1 at Thr35 with consequent inhibition of PP-1 activity and maintenance
of phosphorylation at Ser6. Phosphorylation at this and the other Cdk5 site, in
turn, would render inhibitor-1 less susceptible to dephosphorylation at Thr35,
perpetuating the PKA signal. Indeed, mutation of either or both Cdk5 sites to
prevent phosphorylation resulted in lower levels of phospho-Thr35 inhibitor-1
induced by forskolin, presumably by making inhibitor-1 more vulnerable to
dephosphorylation at Thr35. In contrast, phosphomimetic mutation of either or
both Cdk5 sites resulted in greater forskolin-induced levels of phospho-Thr35
inhibitor-1.  Thus, Cdk5 and PKA function synergistically in the case of
inhibitor-1, in stark contrast to the inhibitor-1 homologue DARPP-32, in which
Cdk5-dependent phosphorylation at Thr75 mediates conversion of the protein into
a direct inhibitor of PKA (Bibb et al., 1999).

The opposing roles of inhibitor-1 and DARPP-32 in the regulation of PKA
signaling pathways highlight the versatile repertoire of signaling cascades
available to neurons through the use of different protein phosphatase regulators.
Adding to this repertoire of regulatory molecules is the phenomenon of multi-site
phosphorylation. Ser6 is the fourth phosphorylation site identified on inhibitor-1,
following Thr35, Ser67, and Ser65. That phosphorylation of Ser67 protects PP-1
from reversing the protein kinase C (PKC)-dependent phosphorylation of Ser65

(Sahin et al., 2006) highlights the complex interplay that can occur among
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multiple phosphorylation sites by different kinases on a single protein. Indeed,
even with two phosphorylation sites on a single protein by a single kinase, there
appears to be a precise sequence to the orchestration of phosphorylation events.
Phosphomimetic data indicate that prior phosphorylation of Ser67 by Cdk5
facilitates phosphorylation of Ser6. Further adding to the complexity of multi-site
phosphorylation is the fact that PP-1 does not exist in cells as a free catalytic
subunit. Thus, the physiological impact of Cdk5-dependent phosphorylation of
inhibitor-1 can only be understood in the context of multimeric PP-1 complexes.
The phosphorylation state of elF2a, and thus the initiation of protein
translation, has been suggested to be regulated by the association of inhibitor-1
and PP-1 with growth arrest and DNA damage-inducible protein (GADD34)
(Connor et al,, 2001). As with HEK293T cells (Weiser et al., 2004),
overexpression of inhibitor-1 in PC12 cells did not alter basal levels of phospho-
Ser51 elF2a.. However, in contrast to the increase in levels of phospho-Ser51
elF2a in HEK293T cells (Weiser et al., 2004), forskolin treatment of PC12 cells
overexpressing wild-type inhibitor-1 resulted in a paradoxical decrease in levels
of phospho-Ser51 elF2a, despite a large increase in levels of phospho-Thr35
inhibitor-1. That phosphomimetic mutation of the Cdk5 sites on inhibitor-1
impaired the reduction in phosphorylation of elF2a suggests the involvement of
PP-1 and possibly a critical threshold of phospho-Thr35 inhibitor-1 necessary for

regulation of elF2a phosphorylation. However, the exact role of Cdk5-dependent
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phosphorylation of inhibitor-1 in the regulation of elF2a phosphorylation remains
unclear without further study.

In another distinct interaction, PP-1 and glycogen synthase kinase 3
(GSK3) are thought to exist in a complex regulated by Cdk5 (Morfini et al.,
2004). Inhibition of Cdk5 leads to the activation of PP-1 and consequent
dephosphorylation and activation of GSK3, which in turn phosphorylates kinesin,
a protein involved in the fast anterograde transport of membrane-bound
organelles. Whether inhibitor-1 serves as the link between inhibition of Cdk5 and
activation of PP-1 remains to be determined. Complicated cascades such as this
Cdk5-PP-1-GSK3-kinesin one allow cells to fine-tune their responses to external
stimuli that activate a whole host of intracellular signal transduction pathways.

Prominent among the external stimuli that control Cdk5 activity is
glutamate acting via the ionotropic NMDA receptor. NMDA regulates Cdk5
activity (Kerokoski et al., 2004; Wei et al., 2005b), and levels of phospho-Ser67
inhibitor-1 decrease upon treatment of acutely dissected striatal slices with
NMDA (Bibb et al., 2001b). We show here that phospho-Ser6 is similarly
affected, but to a greater extent than phospho-Ser67 inhibitor-1. Together, Ser6
and Ser67 represent an opportunity for NMDA receptor signaling to converge
upon PKA signaling pathways originating from Gs-coupled receptors such as the
D; dopamine receptor, A,a adenosine receptor, or B-adrenergic receptor. The

indirect modulation of inhibitor-1 activity by Cdk5 may provide an important
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point for the amplification of PKA signaling resulting from activation of these
receptors. We have shown that inhibitor-1 serves as a critical junction between
kinase and phosphatase signaling pathways, linking PP-1 to not only PKA and

calcineurin, but also Cdk5.
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Figure 2.1. Discovery of a novel Cdk5 site on inhibitor-1. A, Phosphopeptide
maps of tryptic digests of wild-type (wt) and S67A 1-1 phosphorylated by
Cdk1/cyclin B, MAPK, or Cdk5/p25 in vitro. B, Phosphoamino acid analysis of
acid-hydrolyzed tryptic digests of wt and S67A 1-1 phosphorylated by Cdk5/p25
invitro.
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A, MALDI-TOF MS of an Asp-N digest of S67A -1 phosphorylated by
Cdk5/p25. Insets show enlargements of the peaks for the phosphorylated peptide

*DNSPRKIQFTVPLLY and its daughter ion.

indicated.

Masses (Da) of peptides are
B, Autoradiogram of the 96-well plate into which fractions were

robotically collected after capillary HPLC purification of the Asp-N digest (top)
and MALDI-TOF MS of the radiolabeled fraction before and after alkaline
phosphatase treatment (bottom).
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Figure 2.3. Confirmation of Ser6 asthe novel Cdk5 site of inhibitor-1.

A, Phosphorimages (top) and quantitation (bottom) of in vitro phosphorylation of
wt, S6A, S67A, S6A/S67A, S6E, and S67D I-1 by Cdk5/p25 in a time-course
experiment. B, Phosphorimages (top) and quantitation (bottom) of in vitro
phosphorylation of wt, S67A, and S6A/S67A 1-1 by Cdk5/p35 in a time-course
experiment.
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Figure 2.4. Demonstration of the in vivo phosphorylation of inhibitor-1 at
Ser6. A, Immunoblots of wt and S6A 1-1 phosphorylated or mock
phosphorylated by Cdk5 using antibodies against phospho-Ser6 and total I-1.
Immunoblots showing the B, distribution of phospho-Ser6 and total I-1
throughout the brains of wt and 1-17 mice; olf bulb, olfactory bulb; cortex, frontal
cortex; hippo, hippocampus; br stem, brain stem. C, distribution of phospho-
Ser6, phospho-Ser67, and total 1-1 throughout the bodies of wt and 1-17" mice;
gastroc, gastrocnemius; abd m, abdominal muscle. D, developmental time course
with quantitation of phospho-Ser6 (left) and phospho-Ser67 (right) relative to
total I-1 in mouse striatum, n = 2-4.
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Figure2.5. Invivo phosphorylation of inhibitor-1 by Cdk5 at Ser6.

A-D, Quantitative immunoblot analysis of acute striatal slices incubated with
A, different concentrations of the Cdk5 inhibitor roscovitine (60 min), n = 4. B,
the Cdk5 inhibitors roscovitine (rosc, 50 uM) and butyrolactone | (butyro, 20 uM)
or the MAPK pathway inhibitor U0126 (40 uM) for 60 min, n = 3. C, different
concentrations of the novel Cdk5 inhibitor indolinone A (60 min). **, p < 0.01,
Kruskal-Wallis with Dunn’s multiple comparison test, n = 4-5. D, the Cdk4
inhibitor indolinone B (indo B, 5 uM, 1 h), n = 3-4. A-B, *, p< 0.05, **, p <
0.01, f, p < 0.001, one-way analysis of variance (ANOVA) with Newman-Keuls
multiple comparison test.
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Figure 2.6. Comparison of Cdk5-dependent phosphorylation of inhibitor-1
at Ser6 and Ser67 in the hippocampus and the striatum. Quantitative
immunoblot analysis of acute hippocampal (left) or striatal (right) slices incubated
with or without 50 uM roscovitine (60 min), n = 5-7. 1, p < 0.001, student’s
unpaired t test.



53

A B.

125
_ 3004 £
& 250- c 100
g 8
2 200- s 75
L] o
E‘ =]
o 150 S 50
S 3
@ 100 £
£ § >
o 50 o
o 0

0

C. D
P-Serg [-1 = e — - — P-Ser6 |-1 |==
Total -1 [ c——- = Total -1 e e —
15
- 2.54 T =
= 2.0; z
© . « 1.0
o 154 8 T-|
= ©
S A 505 ’V
005 0
o o
0.0 0.0
00&1*“5?'@0?{&0% Nl NMDA - + +
O AV - -+
s cyA

Figure 2.7. In vivo dephosphorylation of inhibitor-1 by PP-2A, PP-1, and
calcineurin at Ser6. A-B, Phosphatase reconstitution assays in which the
dephosphorylation of A, *2P-Ser6/Ser67Asp I-1 or B, 3?P-Ser6/Ser67Ala I-1 was
measured 15 min after the addition of ~15 ug [A, striatal or B, hippocampal]
lysate with or without various phosphatase inhibitors [microcystin (ucystin,
1 uM), fostreicin (fostr, 5 uM), neurabin (0.1 ug/ul), cyclosporin A (cyA, 1 uM),
EGTA/EDTA (5 mM/1 mM), okadaic acid (OA, 2 nM or 1 uM)] in the presence
(+) or absence of (-) EGTA (2 mM), n = 3-4. C, Quantitative immunoblot
analysis of acute striatal slices incubated in the absence or presence of various
phosphatase inhibitors [calyculin A (calyA, 200 nM), okadaic acid (OA, 200 nM
or 1 uM), cyclosporin A (cyA, 10 uM)] for 60 min, n = 4. D, Quantitative
immunoblot analysis of acute striatal slices treated with cyclosporin A (cyA, 10
uM, 60 min) and/or NMDA (50 uM, 5 min), n=5-7. A-D, *, p<0.05, **, p <
0.01, f, p < 0.001, one-way ANOVA with Newman-Keuls multiple comparison
test.
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Figure 2.8. Functional significance of Cdk5-dependent phosphorylation of
inhibitor-1 in vitro. A, In vitro phosphatase assays involving dephosphorylation
of the substrate phosphorylase a by PP-1 in the presence of wt I-1 or various
forms of I-1 mutated to mimic phosphorylation at one or both Cdk5 sites. (*)
indicates prior phosphorylation by PKA. B, Competition of wt or various forms
of I-1 mutated to mimic phosphorylation at one or both Cdk5 sites with 4 nM
phospho-Thr35 1-1 for PP-1 inhibition. C, Time course of in vitro
phosphorylation of wt or various mutant forms of I-1 by PKA. D, Kinetic
analysis of in vitro phosphorylation of wt or various mutant forms of 1-1 by PKA.
E, Time course of in vitro calcineurin-mediated dephosphorylation of different
forms of *?P-Thr35 I-1 previously phosphorylated or mock phosphorylated by
Cdk5.
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Figure 2.9. Functional significance of Cdk5-dependent phosphorylation of
inhibitor-1 in vivo. A, Quantitative immunoblot analyis of PC12 cells treated
with 5 uM forskolin (10 min) 40 h after transfection with wt I-1 or various forms
of I-1 mutated to either prevent or mimic phosphorylation at one or both Cdk5
sites, n = 2. B, Quantitative immunoblot analysis of acute striatal slices treated
with forskolin (10 uM, 10 min) in the absence or presence of NMDA (50 uM,
5 min) and cyclosporin A (cyA, 10 uM, 60 min). *, p < 0.05, one-way ANOVA
with Newman Keuls multiple comparison test, n = 3-6.
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Figure 2.10. Analysisof the structural effects of phosphomimetic mutation of
inhibitor-1 by 2D NMR. Overlay of HSQC spectra for wt (black) and S6E/S67D
(red) 1-1. The entire spectrum (left) and an enlargement (right) are shown.
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Supplemental Figure 2.1. Disulfide-bond
reduction of recombinant rat inhibitor-1.
Coomassie stain of a 15% SDS-PAGE analysis of
wt recombinant rat I-1 (10 ug) prepared in protein
sample buffer with (+) or without (=) 26 mM DTT.
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Supplemental Figure 2.2. Specificity of antisera
against phospho-Ser6 inhibitor-1. Immunoblot
analysis of phospho-Ser6 (P) and dephospho-Ser6
(deP) 1-1 standards (50 ng), as well as brain
homogenates of wt and I-1"" mice, using antisera
against phospho-Ser6 I-1 (1:200). Detection of the
multiple cross-reactive bands in brain homogenate
was eliminated upon purification of the antisera.
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Supplemental Figure 2.3. Immunostain for phospho-
Ser6 inhibitor-1. Cells in the granule cell layer of the
dentate gyrus and the surrounding cortex can be visualized.
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Supplemental Figure 2.4. Reduction in levels of
phospho-Ser67 inhibitor-1 by indolinone A.
Quantitative immunoblot analysis of acute striatal
slices treated with different doses of indolinone A
(60 min), n = 4-5.
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Supplemental Figure 2.5. Enhancement of
phosphorylation of PKA-dependent site of
inhibitor-1 by roscovitine. Quantitative
immunoblot analysis of acute hippocampal slices
treated with 50 uM roscovitine (60 min), n = 4-5.
T, p < 0.001, student’s unpaired t test.
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Supplemental Figure 2.6. Effects of washout of forskolin on PKA-dependent
sites of DARPP-32 and inhibitor-1 and Cdk5-dependent sites of inhibitor-1.
Immunoblot analyis of acute hippocampal slices treated with 10 uM forskolin or
vehicle for 10 min before washout for the indicated times. Similar results were
seen in another independent experiment.
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Supplemental Figure 2.7. Forskolin-induced
changes in levels of total inhibitor-1 and
phospho-Ser51 el F2a, in PC12 cells. Quantitative
immunoblot analysis of PC12 cells treated with
5uM forskolin (10 min) 40h after (mock)
transfection with various forms of I-1. Levels of
total 1-1 and phospho-elF2a are expressed relative
to levels in cells transfected with the same form of
I-1 but treated with vehicle instead of forskolin,
n=3 for total I-1 and n = 2 for phospho-elF2a,
except untransfected (untx) where n = 1.
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CHAPTER THREE

DIFFERENTIAL REGULATION OF THE CDK5-DEPENDENT
PHOSPHORYLATION SITES OF INHIBITOR-1 AND

DARPP-32 BY DEPOLARIZATION

Summary

While cyclin-dependent kinase 5 (Cdk5) is of growing importance to
neuronal signaling, its regulation remains relatively unexplored. Examination of
the mechanism by which NMDA induces decreases in the phosphorylation of
protein phosphatase inhibitor-1 at Ser6 and Ser67 and dopamine- and cAMP-
regulated phosphoprotein M, 32,000 (DARPP-32) at Thr75 revealed that
generalized depolarization, rather than specific activation of NMDA receptors,
was sufficient to induce decreases in these Cdk5 sites. Although no evidence for
the involvement of the Cdk5 cofactors p35 or p39, or for L- and T-type voltage-
gated Ca** channels, was found, evaluation of the role of phosphatases and
extracellular cations revealed differential regulation of the three sites. NMDA-
induced decreases in the phosphorylation of Thr75 of DARPP-32 required protein
phosphatase 1/2A (PP-1/2A) activity and extracellular Ca®*. In contrast, the
effects on Ser6 and Ser67 of inhibitor-1 were not cation-specific; either Na* or
Ca’* sufficed. Furthermore, while the decrease in phosphorylation of Ser6 was

partially dependent on protein phosphatase 2B (PP-2B), that of Ser67 was
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independent of the major protein serine/threonine phosphatases, likely indicating
the presence of a pathway by which NMDA inhibits Cdk5 activity. Thus, in the
striatum the regulation of phosphorylation of Cdk5-dependent sites by NMDA

occurs through multiple distinct pathways.

Introduction

In spite of its name, Cdk5, a proline-directed serine/threonine kinase (Lew
et al., 1992), is not cyclin-dependent. Its activity is instead dependent on the
relatively neuron-specific cofactor p35 (Lew et al., 1994; Tsai et al., 1994), or its
homologue p39 (Tang and Wang, 1996; Tang et al., 1995), thereby largely
restricting its activity to postmitotic neurons. Cdk5 now possesses an extensive
list of substrates, among them two protein kinase A (PKA)-dependent inhibitors
of PP-1, DARPP-32 (D32) (Bibb et al., 1999) and protein phosphatase inhibitor-1
(inhibitor-1, 1-1) (Bibb et al., 2001b and Chapter 2). Cdk5-dependent
phosphorylation of DARPP-32 at Thr75 converts it into an inhibitor of PKA
(Bibb et al., 1999). In direct contrast, Cdk5-dependent phosphorylation of
inhibitor-1 at Ser6 and Ser67 impairs dephosphorylation and inactivation of the
protein, allowing perpetuation of the PKA signal (Chapter 2).

In striatal slices, levels of phosphorylation of Thr75 of DARPP-32 and

Ser6 and Ser67 of inhibitor-1 are reduced upon treatment with NMDA (Bibb et
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al., 2001b; Nishi et al.,, 2002 and Chapter 2), suggesting potential NMDA-
dependent regulation of Cdk5 activity. Interestingly, counter-regulation of the
NMDA receptor by Cdk5 has been observed. Phosphorylation of the NR2A
subunit of the NMDA receptor by Cdk5 has been suggested to increase NMDA
receptor activity required for the induction of long-term potentiation in the
Schaffer collateral pathway (Li et al., 2001). Moreover, Cdk5 is thought to
regulate NMDA receptor constituency by modulating the stability of the NR2B
subunit (Hawasli et al., manuscript submitted).

Interactions between NMDA receptors and dopamine receptors modulate
psychostimulant action in the striatum, a critical aspect of the function of Cdk5-
dependent phosphorylation of DARPP-32 (Bibb et al., 2001a). D, dopamine
receptors directly associate with NR2B subunits of the NMDA receptor,
preventing phosphorylation of the subunit and activation of the NMDA receptor
by Ca*/calmodulin-dependent kinase Il (CaMKII) (Liu et al., 2006). D
dopamine receptors not only physically associate with NMDA receptors, but also
potentiate NMDA receptor function via second messenger action (Cepeda and
Levine, 2006).

Mechanisms for the regulation of Cdk5 activity by NMDA have been
varied. lonotropic glutamate receptors, including NMDA receptors, mediate
cleavage of p35 to p25 (Kerokoski et al., 2004) by the Ca®* activated protease

calpain (Kusakawa et al., 2000; Lee et al., 2000; Nath et al., 2000). Cleavage of
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p35 releases it from the membrane, allowing Cdk5 to aberrently phosphorylate
substrates implicated in a wide range of neuropathologies (Nath et al., 2000;
Nguyen et al., 2001; Patrick et al., 1999; Wang et al., 2003). lonotropic glutamate
receptor-mediated regulation of Cdk5 activity independent of p25 generation has
also been observed (Wei et al.,, 2005b). Treatment of cortical cultures with
NMDA or kainate induces autophosphorylation of p35, which targets it for
degradation by the proteasome, ultimately leading to a reduction in Cdk5 activity.

Like other cyclin-dependent kinases, Cdk5 appears to be regulated by the
availability of its cofactors (Hisanaga and Saito, 2003). The transcriptional
upregulation of p35 by Egrl results in Cdk5 activation, which is required for
nerve growth factor (NGF)-induced differentiation of PC12 pheochromocytoma
cells (Harada et al., 2001). In contrast, Cdk5-dependent autophosphosphorylation
of p35 results in its ubiquitin-dependent proteasomal degradation with consequent
Cdk5 inhibition (Kerokoski et al., 2002; Patrick et al., 1998; Saito et al., 1998;
Saito et al., 2003; Wei et al., 2005b). Autophosphorylation of p35 also protects it
from calpain-dependent conversion to p25 (Kamei et al., 2007). Supporting this
conclusion is the observation that p35 from adult brains is both less
phosphorylated at Thr138 and more susceptible to calpain-dependent cleavage
than that from fetal brains (Kamei et al., 2007). Much less is known about p39,
but it too seems to be converted to p29 by calpain (Patzke and Tsai, 2002).

Recently, phosphorylation of p35 was shown to affect Cdk5 activity by regulating
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association of the Cdk5/p35 complex with membranes (Sato et al., manuscript
submitted; Zhu et al., 2005).

Distinctly different from the downregulation of Cdk5 activity by
ionotropic glutamate receptors is the transient upregulation of Cdk5 activity by
Group | metabotropic glutamate receptors, a process dependent on activation of
casein kinase 1 (CK1) (Liu et al., 2001). How CK1 mediates activation of Cdk5
remains unclear; the ability of CK1 to directly phosphorylate and activate the
catalytic subunit of Cdk5 is a matter of some debate (Liu et al., 2001; Sharma et
al., 1999). Direct phosphorylation and activation of the catalytic subunit of Cdk5
at Tyrl5 by protein tyrosine kinases is another means of activation of Cdk5 (Fu et
al., 2007; Sasaki et al., 2002; Zukerberg et al., 2000), as is the
phosphatidylinositol-linked D; dopamine receptor (Zhen et al., 2004).
Pharmacological inhibition of protein kinase C (PKC) activity with calphostin C
prevented D; receptor-mediated activation of Cdk5, suggesting a novel PKC-
dependent pathway for the positive regulation of Cdk5 activity (Zhen et al.,
2004). However, activation of PKC in striatal slices with phorbol-12,13-
dibutyrate (PDBu) caused time- and dose-dependent decreases in levels of
phospho-Ser67 inhibitor-1 and phospho-Thr75 DARPP-32, and levels of these
two phospho-sites were elevated in brain tissue from PKC-a knockout mice,
suggesting negative regulation of Cdk5 activity by PKC (Bogachan Sahin, UT

Southwestern Medical Center, personal communication). Thus, the complex
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pathways regulating Cdk5 activity are only beginning to be understood. In this
study, we examined the mechanism by which NMDA induces decreases in the

phosphorylation of three Cdk5-dependent sites on inhibitor-1 and DARPP-32.

Experimental Procedures
Drugs

NMDA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), kainate, DL-2-amino-5-phosphonopentanoic acid (DL-AP5), and 6,7-
dinitroquinoxaline-2,3-dione (DNQX) were from Tocris. Okadaic acid and
calyculin A were from Alexis, cyclosporin A from LC Laboratories, and 1,2-
bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid-acetomethylester (BAPTA-
AM) from Calbiochem. Cocaine hydrochloride, SKF81297, quinpirole, KCI,
MgCl,, MK801, NiCl,, and ethylene glycol-bis(2-aminoethyl ether)-N,N,N',N'-

tetraacetic acid (EGTA) were purchased from Sigma.

Preparation and incubation of acute striatal slices

Slice pharmacology was conducted as described in Chapter 2. Where
applicable, control slices were treated with dimethyl sulfoxide (DMSO), the
solvent used to dissolve okadaic acid, calyculin A, cyclosporin A, and

BAPTA-AM.
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Immunoblots and data analysis

Lysis and immunoblot analysis of striatal slices were performed as
described in Chapter 2. The following additional antibodies were used: phospho-
Thr75 DARPP-32 (1:2000) (Bibb et al., 1999), total DARPP-32 (1:8000)
(Hemmings and Greengard, 1986), p35 (1:1000, Santa Cruz, C-19), and p39
(1:1000) (Fu et al., 2002). All but one antibody (total DARPP-32) were
polyclonal. Horseradish peroxidase-conjugated anti-mouse secondary antibody
(Chemicon) was used to detect the total DARPP-32 signal. Antibody incubations
were in 5% milk + Tris-buffered saline-Tween (TBS-T), except that for p39, in
which bovine serum albumin (BSA) replaced milk. Data analysis was conducted

as in Chapter 2. Results are stated as mean # standard error of the mean.

Changes are stated as percentage decrease or fold increase of the mean + error.

Results
Dose-dependent reduction of three Cdk5-dependent phosphorylation sites by
NMDA, independent of changesin levels of p35 and p25

Inhibitor-1 is phosphorylated by Cdk5 at two sites, Ser6 and Ser67 (Bibb
et al., 2001b). The inhibitor-1 homologue DARPP-32 serves as a substrate for
Cdk5 at Thr75 (Bibb et al., 1999). We discovered robust regulation of these
phosphorylation sites in vivo; treatment of acutely dissected striatal slices with

NMDA reduced phosphorylation at all three sites (Figure 3.1A). Levels of
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phospho-Ser6 and phospho-Ser67 inhibitor-1 and phospho-Thr75 DARPP-32
were 12 + 1%, 45 + 4%, and 32 + 5% of control levels, respectively, after
treatment with 50 uM NMDA for 5 min. Neither doubling the dose of NMDA
from 50 to 100 uM nor increasing the exposure time from 5 min to 20 min
resulted in a substantially larger effect. In spite of previous findings reporting
ionotropic glutamate receptor-induced downregulation of Cdk5 activity via the
degradation of p35 (Wei et al., 2005b), we observed no corresponding changes in
levels of p35 in our preparation. Minimal amounts of p25 were detected in
control slices, and application of NMDA did not induce further generation of p25
until a dose of 100 uM was reached, even though 25 uM NMDA was enough to
induce reductions in all three Cdk5-dependent sites (Figure 3.1B). Interestingly,
levels of phospho-Ser6 inhibitor-1 consistently decreased more than those of
phospho-Ser67 inhibitor-1, with 25 uM NMDA reducing levels to 23 + 7% and
39 + 3% of control, respectively. Thus, NMDA can markedly reduce
phosphorylation of Ser6, Ser67, and Thr75 in a dose-dependent manner without

affecting levels of p35 or p25.

Evaluation of the role of Cdk5-activating cofactors
In contrast to the apparent lack of effect of low doses of NMDA on p35

and p25, we detected a shift in the electrophoretic mobility of p39 in slices treated
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with NMDA (Figure 3.2A). NMDA treatment caused the p39 doublet to collapse
into a single band with the same mobility as the lower band of the doublet.
Notably, in some gels, we were able to detect a very slight downward shift in the
mobility of p35 upon NMDA treatment (Figure 3.2B), but this effect was
inconsistent, being highly dependent on stochastic gel conditions, and we did not
pursue it further. Small mobility shifts are frequently caused by changes in the
state of phosphorylation of a protein. While phosphorylation of p39 has not
previously been reported, phosphorylation of p35 has been linked to changes in
Cdk5 activity (Sato et al., manuscript submitted). Since the threshold for the p39
mobility shift was 25 uM, the same as the threshold for NMDA-induced reduction
in levels of phosphorylation of inhibitor-1 and DARPP-32, we suspected that
NMDA might be reducing levels of phosphorylation at Ser6, Ser67, and Thr75 by
inhibiting Cdk5 activity via a dephosphorylation of p39. To determine if the
effect of NMDA on the phosphorylation state of inhibitor-1 and DARPP-32 was
cofactor-specific, we treated acutely dissected striatal slices from p35 (Chae et al.,
1997) and p39 (Ko et al., 2001) knockout mice with NMDA. Neither constitutive
loss of p35 nor p39 influenced the ability of NMDA to reduce levels of
phosphorylation of inhibitor-1 or DARPP-32 (Figure 3.2C), suggesting either
compensation by the remaining cofactor in the knockout mice or simply the lack

of a causal relationship. Paradoxically, basal levels of phospho-Ser67 inhibitor-1
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are higher in the hippocampus of 18-21 day old p35 knockout mice than in control

mice (Supplemental Figure 3.1).

Evaluation of the role of protein phosphatases

Decreases in the level of phosphorylation of a protein can be due to either
a reduction in kinase activity or an enhancement of phosphatase activity. Ser6 of
inhibitor-1 is a rather promiscuous site for phosphatases, serving as a substrate for
PP-1 and PP-2A basally, and additionally for PP-2B  (calcineurin, or
Ca**/calmodulin-dependent protein phosphatase) with increased intracellular Ca**
(Chapter 2). PP-2A and PP-2B both contribute to the dephosphorylation of Ser67
of inhibitor-1 (Bibb et al., 2001b), while PP-2A, and to a lesser extent, PP-1 and
protein phosphatase 2C (PP-2C) contribute to that of Thr75 of DARPP-32 (Nishi
et al.,, 2000). To examine the possibility that NMDA reduces levels of
phosphorylation of these three Cdk5 sites by activating a phosphatase, we treated
striatal slices with various phosphatase inhibitors alone and in combination with
NMDA.

Treatment with the PP-1/PP-2A inhibitors okadaic acid and calyculin A
raised basal levels of phosphorylation at Ser6 (Figure 3.3A). NMDA eliminated
the okadaic acid- and calyculin A-induced increases and further reduced levels of
phospho-Ser6 inhibitor-1 to 20 + 2% and 54 + 15% of control levels, respectively.

In contrast, these phosphatase inhibitors did not change levels of phospho-Ser67
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inhibitor-1, either basally or in combination with treatment with NMDA.
Importantly, NMDA was unable to attenuate okadaic acid- and calyculin A-
induced increases in basal levels of phospho-Thr75 DARPP-32, indicating a role
for PP-1/PP-2A in mediating the effects of NMDA on DARPP-32. Thus, the
regulation of Cdk5 sites by NMDA receptors occurs by at least two distinct
mechanisms. An enhancement of PP-1/PP-2A activity is responsible for NMDA-
induced reductions in the phosphorylation of DARPP-32. An alternate pathway,
independent of PP-1/PP-2A, allows NMDA to reduce levels of phospho-Ser6 and
phospho-Ser67 inhibitor-1 in the face of treatment with okadaic acid and
calyculin A.

In contrast to the PP-1/PP-2A inhibitors, the PP-2B inhibitor
cyclosporin A did not alter basal levels of phosphorylation of Ser6 (Figure 3.3B).
It did, however, partially reverse the ability of NMDA to reduce levels of
phospho-Ser6 inhibitor-1 (from 20 + 4% to 61 + 6% of control), but not that of
phospho-Ser67 inhibitor-1 or phospho-Thr75 DARPP-32. Thus, while
phosphatases are somewhat or majorly responsible for the reduction in levels of
phospho-Ser6 inhibitor-1 and phospho-Thr75 DARPP-32, there remains a
mechanism by which NMDA reduces the phosphorylation of Ser67 independent
of the major serine/threonine phosphatases, possibly via a reduction in Cdk5

activity.
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Interestingly, cyclosporin A also attenuated the NMDA-induced p39
mobility shift (Figure 3.3B), indicating that the shift represents a
dephosphorylation. However, since this treatment did not block NMDA-induced
decreases in the phosphorylation of Ser67 or Thr75, we concluded that the p39
shift probably represents an epiphenomenon that is not causally related to the

reductions in phosphorylation.

Evaluation of potential modulation by dopamine

We treated striatal slices with dopamine receptor agonists to determine
whether dopamine plays a modulatory role in the effect of NMDA on Cdk5-
dependent phosphorylation of inhibitor-1 and DARPP-32. The D; receptor
agonist SKF81297 did not affect the ability of 100 uM (Figure 3.4A) or 50 uM
(Figure 3.4B) NMDA to lower levels of phospho-inhibitor-1 and -DARPP-32.
The D, receptor agonist quinpirole was similarly ineffective (Figure 3.4B).

Chronic treatment of the intact animal oftentimes produces results
different from acute treatment of slice preparations. As such, wild-type mice
were dosed daily for 10 days with saline or cocaine (20 mg/kg, i.p.). Acute
striatal slices prepared from animals treated with cocaine one day after the last
injection responded to NMDA in a dose-dependent manner indistinguishable from
those treated with saline (Figure 3.4C). In striatal slabs provided by David R.

Benavides (UT Southwestern Medical Center), basal levels of phospho-Ser6 and
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phospho-Ser67 inhibitor-1 were not altered by 5- and 10-day regimens of cocaine

(20 mg/kg, i.p.) (Supplemental Figure 3.2).

Evaluation of the roles of calpain and PKC

Toxicity-induced calpain-dependent cleavage of p35 to p25 has long been
thought to regulate Cdk5 activity, and emerging evidence suggests that PKC also
regulates Cdk5 activity. Acutely dissected striatal slices were treated with
NMDA in the absence or presence of the PKC inhibitor Ro-32-0432 and the
calpain inhibitor calpeptin to assess the contribution of these two proteins to the
effect of NMDA. Neither inhibitor was effective at blocking the effect of NMDA

on phospho-Ser6 and phospho-Ser67 inhibitor-1 (Supplemental Figure 3.3).

Smilar effects on the three Cdk5-dependent sites by other ionotropic glutamate
receptor agonists and by direct depolarization

The ability of other ionotropic glutamate receptor agonists to reduce
phosphorylation of inhibitor-1 and DARPP-32 at the Cdk5 sites was next
assessed. When applied at a concentration of 25 uM for 5 min, both AMPA and
kainate reduced levels of phospho-Ser6 inhibitor-1 (22 + 8% and 28 + 14% of
control, respectively), phospho-Ser67 inhibitor-1 (66 + 1% and 60 + 3% of

control), and phospho-Thr75 DARPP-32 (51 + 1% and 48 + 13% of control)
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(Figure 3.5A). Doubling the concentration of AMPA or kainate did not further
reduce phosphorylation at any of the sites.

Since application of ionotropic glutamate receptor agonists can have
numerous consequences, one of which is generalized depolarization, the effect of
direct depolarization using KCI was tested. KCI dose-dependently reduced levels
of phosphorylation at Ser6, Ser67, and Thr75, with a dose of 45 mM reducing
levels to 29 + 10%, 34 + 6%, and 31 + 6% of control, respectively (Figure 3.5B).
The minimal effective dose for all three sites was 20 mM. Increasing the dose
beyond 45 mM to 100 mM further reduced levels of phospho-Thr75 DARPP-32
to 14 + 3% of control, but not phospho-Ser6 or phospho-Ser67 inhibitor-1. These
findings indicate that simple depolarization is sufficient for the reduction in
phosphorylation of these Cdk5 sites.

Seizures in the intact animal represent a massive discharge of
neurotransmitter and the depolarization of a large number of neurons, which
might be expected to lower levels of phosphorylation of inhibitor-1 at the Cdk5
sites. However, levels of phospho-Ser6 inhibitor-1 were unchanged in the
hippocampus of mice sacrificed 20 min after the initiation of seizures induced by
kainate or pilocarpine (membrane provided by Ammar H. Hawasli, UT

Southwestern Medical Center) (Supplemental Figure 3.4).
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Evaluation of the role of NMDA receptors

Relief of the Mg®* block by depolarization is a prerequisite for NMDA
receptor activity. Furthermore, NR2B subunits of the NMDA receptor physically
associate with Cdk5 (Hawasli et al., manuscript submitted). To determine if the
reductions in phosphorylation caused by AMPA and KCI resulted from secondary
activation of the NMDA receptor, we employed the activity-dependent and
activity-independent NMDA receptor antagonists MK801 and AP5. Neither
MK801 (Tomohisa Hosokawa, Tokyo Metropolitan University, Figure 3.6A) nor
AP5 (Figure 3.6B) blocked the AMPA-induced decrease in phosphorylation of
Ser6, Ser67, and Thr75. MK801 (Supplemental Figure 3.5) and AP5 (Figure
3.6B) were similarly ineffective at blocking the effect of KCl. AP5 was,
however, able to block the effect of NMDA, returning phospho-Ser6 and
phospho-Ser67 inhibitor-1 and phospho-Thr75 DARPP-32 to 79 + 5%, 86 + 11%,
and 106 + 3% of control levels, respectively (Figure 3.6C). Thus, while the
effects of NMDA were specifically mediated by NMDA receptors, the effects of
AMPA and KCI did not result from secondary activation of NMDA receptors.
Furthermore, the effect of KCI did not result from activation of AMPA receptors,
as it was not affected by the inclusion of the AMPA receptor antagonist DNQX

(Supplemental Figure 3.5).
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Evaluation of the role of voltage-gated Ca?* channels

Depolarization results in the activation of voltage-gated Ca®* channels,
which may set off a whole host of intracellular signaling cascades. As an initial
screen for the involvement of these channels, the ability of NMDA to reduce
phosphorylation of inhibitor-1 and DARPP-32 in the presence of 1 mM Ni** was
assessed (Figure 3.7A). At this concentration, Ni** acts as a non-specific Ca**
channel blocker. Application of 1 mM Ni** ablated the effect of NMDA on
phospho-Ser6 and phospho-Ser67 inhibitor-1 and phospho-Thr75 DARPP-32,
returning levels to 94 + 12%, 88 + 12%, and 115 + 7% of control, respectively.
However, neither nimodipine, a T-type voltage-gated Ca* channel antagonist, nor
100 uM Ni®*, a specific T-type voltage-gated Ca®* channel antagonist at this
concentration, had any effect on the ability of NMDA to reduce phosphorylation
of inhibitor-1 or DARPP-32 (Figure 3.7B). These results suggest either the
involvement of another type of Ca** channel or a non-selective action of 1 mM

Ni2*,

Evaluation of the role of cations

Depolarization generally results from the influx of cations into the
cytoplasm. The possible contribution of Ca®* was evaluated first. Neither
chelation of intracellular Ca** with 20 uM BAPTA-AM (Figure 3.8A) nor with

1 mM BAPTA-AM (Figure 3.8B) blocked the effect of NMDA. While BAPTA-
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AM might be expected to block all Ca?*-dependent signaling events, complete
chelation of intracellular Ca?* with extracellularly-applied BAPTA-AM may not
be possible in slice preparations.

Thus, we assessed the contribution of extracellular Ca** by removing Ca?*
from the buffer during the period of NMDA treatment and replacing it with Mg®*
in order to preserve divalency and avoid surface charge issues. The effect of
NMDA on the phosphorylation of inhibitor-1 was marginally affected under these
conditions, possibly due to enhanced Mg®*-dependent block of the NMDA
receptor (Figure 3.9A). In contrast, the effect of NMDA on the phosphorylation
of DARPP-32 was greatly affected, changing from 22.5 + 0.8% of control levels
in normal buffer to 70.5 + 3.1% of control levels in minimal Ca®" buffer.
Incomplete reversal of the effect of NMDA on DARPP-32 may have resulted
from residual Ca** in the extracellular matrix. In a more stringent Ca**-free
treatment paradigm, inclusion of the Ca** chelator EGTA in minimal Ca?* buffer
produced similar results for inhibitor-1 (Figure 3.9B). Surprisingly, however,
this treatment did not reverse the effect of NMDA on the phosphorylation of
DARPP-32, unlike the minimal Ca®" treatment. One explanation is enhanced
release of Ca?* from intracellular stores caused by increased influx of Na* through
voltage-gated Ca* channels normally guarded by bound Ca®* (Bernath, 1992).

To assess the contribution of Na’, Tomohisa Hosokawa (Tokyo

Metropolitan University) replaced Na® in the extracellular buffer with the
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impermeant ion choline during the period of NMDA treatment. Even in the
absence of extracellular Na*, NMDA was able to reduce phosphorylation of all
three CdKk5 sites (Figure 3.9B). Thus, specific removal of either Ca®* or Na* was
ineffective in reversing the effect of NMDA on inhibitor-1.

However, concurrent removal of both ions completely ablated the effect of
NMDA (Figure 3.9C). Slices were prepared and recovered in choline media
containing normal amounts of Ca?* then pre-treated for 20 min with media
containing EGTA before the addition of NMDA, AMPA, or KCI. In contrast to
previous experiments in which EGTA was applied only during the period of
NMDA treatment, pre-treatment with Ca’*- and Na*-free media containing EGTA
caused a large increase in basal levels of phospho-Ser6 inhibitor-1 (2.4 +
0.6-fold), which was not significantly reversed by NMDA or AMPA. KCI caused
a small reversal. Levels of phospho-Ser67 inhibitor-1 were unaltered by pre-
treatment with EGTA alone or in combination with any of the depolarizing
agents, while levels of phospho-Thr75 DARPP-32 were lowered to 48 + 5% of
control by EGTA, with no further reduction upon addition of any of the
depolarizing agents. Considered as a whole, these data suggest that simple
depolarization, in a non-cation-specific manner, regulates Cdk5-dependent
phosphorylation of inhibitor-1. In contrast, the regulation of phospho-Thr75

DARPP-32 by depolarization is Ca**-specific.
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Discussion

The regulation of any phosphorylation site depends on the balance of
activity between the kinase(s) and the phosphatase(s) acting on the site. In this
study, we explored the mechanism by which NMDA causes a decrease in
phosphorylation of two inhibitors of PP-1 at three Cdk5-dependent
phosphorylation sites, Ser6 and Ser67 of inhibitor-1 and Thr75 of DARPP-32.
NMDA-induced reductions in these phosphorylation sites has been reported
previously (Bibb et al., 2001b; Nishi et al., 2002; Wei et al., 2005b and Chapter
2).

Studies by Wei et al. support the notion that NMDA and kainate globally
induce reduction of phosphorylation at Cdk5 sites in primary cortical neurons and
in hippocampal slices by causing the degradation of p35 and the downregulation
of Cdk5 activity (Wei et al., 2005b). In contrast, studies by Nishi et al. found that
levels of Cdk5 activity in striatal slices were unchanged by treatment with
NMDA, AMPA, or KCI (Nishi et al., 2002). These traditional Cdk5 activity
assays were conducted as immunoprecipitation (IP)-kinase assays in which Cdk5
immunoprecipitated from a detergent-solubilized lysate was allowed to
phosphorylate histone H1 in the presence of [}~*P]-ATP. Given the recent
finding that detergent-induced membrane dissociation leads to the activation of
latent Cdk5/p35 complexes (Zhu et al., 2005), the results of these types of Cdk5

assays should be interpreted carefully.
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Regardless, the use of phosphatase inhibitors allowed Nishi et al. to
attribute reductions in levels of phospho-Thr75 DARPP-32 caused by NMDA,
AMPA, and KCI to a Ca®*-dependent enhancement of PP-2A activity. Supporting
this conclusion was the finding that NMDA decreased levels of phospho-Thr75
DARPP-32 to the same extent regardless of the absence or presence of the Cdk5
inhibitor butyrolactone. The apparently contradictory results of Wei et al. and
Nishi et al. might be due to differences in the preparation used (cultured cortical
and acute hippocampal vs. acute striatal) and/or the duration of NMDA treatment.
The time course of the effect of NMDA on Cdk5 activity in primary cortical
neurons conducted by Wei et al. reveals transient stimulation of Cdk5 activity at
1 min, a return to control levels at 5 min, and a down-regulation thereafter, with
levels reaching a nadir at the longest time point, 60 min. Since Nishi et al.
examined only the 5 min time point, they would not have observed a subsequent
decrease in Cdk5 activity. Thus, our studies and those by Nishi et al., both
conducted at 5 min of treatment, relate to a shorter NMDA exposure than the
studies by Wei et al.

We found that 5 min of treatment of striatal slices with NMDA, AMPA,
kainate, or KCI all reduced phosphorylation of the Cdk5 sites on inhibitor-1 and
DARPP-32. While levels of p35 and p25 were unaffected by 5 min of 50 uM
NMDA, p39 exhibited an electrophoretic mobility shift consistent with

dephosphorylation. The threshold for this p39 shift was the same as the threshold
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for decreased phosphorylation of inhibitor-1 and DARPP-32, but we concluded
that the events were probably not causally related, since cyclosporin A was able to
dissociate them.

NMDA receptors were involved in the regulation of phosphorylation by
NMDA, but not by AMPA or KCI. Even though 1 mM Ni?*" blocked the effect of
NMDA on the three Cdk5 sites, L- and T-type voltage-gated Ca®* channels were
found to be uninvolved. While 1 mM Ni?*
is generally regarded as a non-specific Ca** channel blocker, it can have a number
of other actions. At a concentration of 1 mM, Ni®" alters the properties of
numerous channels, including but not limited to NMDA receptors (Gavazzo et al.,
2006), epithelial Na® channels (Sheng et al., 2002), cardiac (Perchenet and
Clement-Chomienne, 2001) and smooth muscle (Stockand et al., 1993) K"
channels, and acid-sensing ion channels (Staruschenko et al., 2006). Furthermore,
increasing the concentration of extracellular divalent cations by addition of Ni**
reduces the negative potential at the surface of the cell, thereby effectively
increasing the transmembrane potential (Piccolino and Pignatelli, 1996). Stronger
depolarizations would then be required to activate voltage-dependent channels. In
addition, the direct binding of Ni?* to acidic ligands such as glutamate and kainate
has been suggested to compete with free ligands for binding to AMPA receptors
(Dorofeeva et al., 2005). Thus, blockade of the NMDA effect by 1 mM Ni?*

could have resulted from a number of factors.
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Assessment of the dependence of the NMDA effect on phosphatases and
extracellular Na* and Ca’* revealed differential regulation of the three Cdk5 sites.
Entirely consistent with Nishi et al., we observed Ca?- and PP-1/PP-2A-
dependent regulation of phospho-Thr75 DARPP-32 by NMDA. In contrast,
regulation of the Cdk5 sites on inhibitor-1 was not cation-specific. Individual
removal of extracellular Na* or Ca?* had minimal effects on the ability of NMDA
to decrease levels of phospho-Ser6 and phospho-Ser67 inhibitor-1; however,
simultaneous removal of both cations completely blocked the effect of NMDA.
Moreover, NMDA-induced decreases in the phosphorylation of Ser6 were
partially PP-2B-dependent, but those for Ser67 were not PP-1-, PP-2A, or PP-2B-
dependent. Thus, NMDA appears to regulate the phosphorylation of Cdk5-
dependent sites via pathways involving both enhanced phosphatase activity and
reduced kinase activity. In conclusion, by altering levels of phosphorylation at
the Cdk5-dependent sites of inhibitor-1 and DARPP-32, depolarization can
positively regulate striatal PP-1 and PKA activity. The multiple distinct
mechanisms by which depolarization regulates the phosphorylation of inhibitor-1
and DARPP-32 highlight the complexity of the cascades that can originate from a

single signal.
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Figure 3.1. Reduction in phosphorylation of three Cdk5 sites by NMDA.
Quantitative immunoblot analysis of acute striatal slices incubated with NMDA
for A, the doses and times indicated, n = 3-6 or B, the doses indicated for 5 min,
n=4-12. ** p<0.01 vs. control, one-way analysis of variance (ANOVA) with
Dunnett’s multiple comparison test.
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Figure 3.2. Evaluation of therole of Cdk5-activating cofactors.

A-B, Immunoblots of acute striatal slices treated with NMDA for the doses and
times indicated (A, top, n = 2-3) or for the doses indicated for 5 min (A, bottom,
n=4; B). C, Immunoblots of acute striatal slices from wild-type and p35™ (left)
or p39"' (right) mice treated with NMDA at the indicated doses for 5 min, n = 2.
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Figure 3.3. Evaluation of the role of protein phosphatases. Quantitative
immunoblot analysis of acute striatal slices incubated in the absence or presence
of 50 uM NMDA for 5 min with or without 60 min pre-incubation with
A, okadaic acid (OA, 1 uM) or calyculin A (calyA, 1 uM), n = 3-5 or
B, cyclosporin A (cyA, 10 uM), n = 2-7. ** p<0.01 vs. control; §, p < 0.001 vs.
NMDA alone; f, p < 0.01 and ns, not significant vs. corresponding treatment
without NMDA; one-way ANOVA with Bonferroni’s multiple comparison test.
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Figure 3.4. Evaluation of potential modulation by dopamine. Quantitative
immunoblot analysis of acute striatal slices incubated in the absence or presence
of NMDA (50 or 100 uM) for 5 min with or without co-incubation with
A, SKF81297 (1 uM), n = 3 or B, SKF81297 (1 uM) or quinpirole (1 uM), n = 3.
C, Acute striatal slices prepared from mice dosed daily with saline or cocaine
(20 mg/kg, i.p.) for 10 days were incubated with the indicated doses of NMDA
for 5 min one day after the last injection and subjected to quantitative immunoblot
analysis, n = 4-7 slices from 3 mice/group. **, p < 0.01 and t, p < 0.001 vs.
control; ns, not significant vs. NMDA alone; one-way ANOVA with Bonferroni’s
multiple comparison test.
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Figure 3.5. Similar reductions in phosphorylation of three Cdk5 sites by
AMPA, kainate, and KCI. Quantitative immunoblot analysis of acute striatal
slices incubated with A, AMPA or kainate at the doses indicated for 5 min, n =
2-3 or B, KCI at the doses indicated for 5 min, n = 3-5. *, p < 0.05 and **, p <
0.01 vs. control, one-way ANOVA with Dunnett’s multiple comparison test.
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Evaluation of the role of voltage-gated Ca®* channels.

Quantitative immunoblot analysis of acute striatal slices incubated in the absence
or presence of 50 uM NMDA for 5 min with or without A, 5 min pre-incubation
with 1 mM NiCl,, n = 4-6 or B, 20 min pre-incubation with 15 uM nimodipine
(Nim) or 5 min pre-incubation with 100 uM NiCl,, n =5-6. **, p<0.01 and ***,
p < 0.001 vs. control; T, p < 0.01 and ns, not significant vs. NMDA alone; one-
way ANOVA with Bonferroni’s multiple comparison test.
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Figure 3.8. Evaluation of the role of intracelular Ca®*. Quantitative
immunoblot analysis of acute striatal slices incubated in the absence or presence
of 50 uM NMDA for 5 min with or without 20 min pre-incubation with A, 20 uM
BAPTA-AM, n =4-6 or B, 1 mM BAPTA-AM, n =4-6. ** p<0.01 and ***, p
< 0.001 vs. control; ns, not significant vs. NMDA alone; one-way ANOVA with
Bonferroni’s multiple comparison test.
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Figure 3.9. Evaluation of the role of extracellular cations. Quantitative
immunoblot analysis of acute striatal slices incubated in the absence or presence
of NMDA (50 uM) for 5 min in normal buffer or in buffer in which A, Ca* is
replaced by Mg®* [(-) Ca], n = 4 or B, extracellular Ca?* is chelated with 1 mM
EGTA (and Ca*" is replaced by Mg®*) or Na* is replaced by choline [(-) Na], n =
3-6. #, p<0.05and t, p<0.01 vs. corresponding buffer without NMDA; §, p <
0.01 and ns, not significant vs. normal buffer with NMDA; one-way ANOVA
with Bonferroni’s multiple comparison test. C, Quantitative immunoblot analysis
of acute striatal slices recovered in choline buffer and treated with NMDA
(50 uM), AMPA (50 uM), or KCI (45 mM) for 5 min in choline buffer [(-)Na] or
in choline buffer lacking Ca®* and containing 10 mM EGTA [(-)Na(+)EGTA].
*, p<0.05 ** p<0.01 1, p<0.001, and ns, not significant vs. corresponding
buffer without depolarizing agent; one-way ANOVA with Bonferroni’s multiple
comparison test.
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Supplemental Figure 3.1. Levels of phospho-
Ser67 inhibitor-1 in the hippocampus of juvenile
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CHAPTER FOUR
LOSS OF PROTEIN PHOSPHATASE INHIBITOR-1 ALTERS

LEARNING AND RUNNING-INDUCED NEUROGENESIS

Summary

Protein phosphatase inhibitor-1, the first identified endogenous inhibitor
of protein phosphatase 1 (PP-1), has been widely implicated in many biochemical
models of synaptic plasticity. Despite the critical position that inhibitor-1
occupies in these models, the behavioral and biochemical effects of loss of
inhibitor-1 have not been extensively studied. Inhibitor-1 is particularly abundant
within granule neurons of the hippocampal dentate gyrus. Considering the
possible relationship between neurogenesis and learning in this region, we
examined the role of inhibitor-1 in neurogenesis induced by voluntary wheel
running. Levels of inhibitor-1 increased dramatically after just six days of
running. Furthermore, loss of inhibitor-1 significantly increased running-induced
neurogenesis in the subgranular zone, but had no effect on the running behavior of
the mice. Together these data indicate that inhibitor-1 may function in a
homeostatic anti-neurogenic mechanism. Further behavioral characterization has
revealed that although inhibitor-1 knockout mice display a deficit in habituation
to a novel environment, they are normal with regard to fear conditioning and

novelty learning. These findings suggest that the role of inhibitor-1 in the
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mnemonic functions of the hippocampus has been overemphasized and that
inhibitor-1 may be more important in the modulation of dopamine-dependent

behaviors.

Introduction

Protein phosphatase inhibitor-1, or simply inhibitor-1, was identified from
rabbit skeletal muscle in 1976 as a conditional inhibitor of PP-1. Only when
phosphorylated by cAMP-dependent protein kinase (PKA) at Thr35 does
inhibitor-1 become a potent and selective inhibitor of PP-1 (Endo et al., 1996;
Foulkes et al., 1983; Huang and Glinsmann, 1976). Thus, inhibitor-1 serves as
one mechanism whereby PKA can amplify cAMP signals by preventing the
dephosphorylation of sites shared with PP-1. Dephosphorylation of Thr35 by
calcineurin  (PP-2B, or Ca”‘/calmodulin-dependent protein phosphatase)
(Ingebritsen and Cohen, 1983) inactivates inhibitor-1, preventing it from further
inhibiting PP-1. As a substrate whose function relies on the balance of activity
between PKA and calcineurin, both of which are known to be important to the
long-term modification of synaptic strength, inhibitor-1 became incorporated into
well-accepted biochemical models of Schaffer collateral plasticity as a critical
switch between potentiation and depression (Lisman, 1989; Winder and Sweatt,
2001). Long-term potentiation (LTP) and long-term depression (LTD), two

processes that might be expected to result from opposite regulation of the same
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proteins, are induced by different stimulation protocols, but both depend on the
activation of N-methyl-D-aspartate (NMDA) receptors and the elevation of
intracellular Ca®* levels. Calcineurin and PKA, by way of calcium/calmodoulin-
dependent adenylyl cyclase, are both responsive to increases in intracellular Ca**
levels but to different degrees. Convergent signaling by these two proteins onto
inhibitor-1, a regulator of PP-1, provides a mechanism by which the magnitude of
the rise in intracellular Ca®*, dictated by the frequency and duration of
stimulation, can translate into the converse regulation of the same set of proteins
by PP-1. Included in the list of PP-1 substrates important to plasticity are
Ca**/calmodulin-dependent protein kinase 1l (CaMKII) (Strack et al., 1997),
NMDA (Blank et al., 1997; Snyder et al., 1998) and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) (Yan et al., 1999) receptors, and
CAMP response element-binding protein (CREB) (Bito et al., 1996; Hagiwara et
al., 1992).

Despite the prominent position inhibitor-1 has occupied as a regulator of
PP-1 in biochemical models of Schaffer collateral plasticity, inhibitor-1 knockout
mice display normal LTP and LTD in this pathway (Allen et al., 2000). Instead,
they show impaired LTP at lateral, but not medial, perforant path-dentate granule
cell synapses. Perhaps this is not surprising given the distinct expression profile
of inhibitor-1 in the hippocampus. Virtually all the inhibitor-1 expressed in

hippocampus is localized to the dentate gyrus, although some studies report
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moderate amounts in the CAL region (Allen et al., 2000; Barbas et al., 1993;
Gustafson et al., 1991; Lowenstein et al., 1995; Sakagami et al., 1994).
Behaviorally, inhibitor-1 knockout mice show no deficit in spatial learning as
assessed by the Morris water maze (Allen et al., 2000). However, they do show
an impairment in reward-related learning as suggested by a deficiency in
conditioned place preference to a low dose (5 mg/kg) of cocaine (Zachariou et al.,
2002).

While sustained changes in the strength of existing synapses has long been
regarded as the basis for learning, the formation of new synapses by newly born
neurons has recently come into consideration (Leuner et al., 2006). Neurons born
in the subgranular zone migrate a short distance into the granule cell layer of the
dentate gyrus and send axonal projections along mossy fiber pathways to synapse
on CA3 pyramidal neurons (Hastings and Gould, 1999; Markakis and Gage,
1999; Stanfield and Trice, 1988; Zhao et al., 2006). Deficits in learning observed
upon selective depletion of these neurons using antimitotic agents or irradiation
have provided direct evidence that the circuits formed by these new neurons are
involved in learning and memory (Raber et al., 2004; Rola et al., 2004; Shors et
al., 2001; Shors et al., 2002). Indirect evidence of the functionality of these newly
formed circuits has come in the form of studies demonstrating a positive
correlation between neurogenesis and learning. For instance, environmental

enrichment and voluntary wheel running have been shown to improve both
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neurogenesis and performance on hippocampal-dependent learning tasks (Shors et
al., 2001; Snyder et al., 2005; van Praag et al., 1999). Given the relationship
between learning and neurogenesis, the abundance of inhibitor-1 in the dentate
gyrus, and the position inhibitor-1 occupies in biochemical models of long-term
plasticity, we conducted a more thorough behavioral and biochemical analysis of
learning and memory in inhibitor-1 knockout mice with emphasis on dentate-

associated behaviors.

Experimental Procedures
Subjects

Mice were group-housed in a temperature-controlled colony room (25°C)
on a 12 h light/dark cycle with ad libitum access to food and water. Age-matched
adult male wild-type and inhibitor-1 knockout mice (Allen et al., 2000) (8-20
weeks of age for voluntary wheel running, 12-13 weeks for neurogenesis, and 6-
12 weeks for all else) on a C57/BI6 background were used for behavioral
analyses. Tissue for immunoblot analysis of PP-1/I-1 targets was obtained from a
separate group of naive age- and sex-matched wild-type and inhibitor-1 knockout
mice (6-17 months of age, male and female). Most of the mice (>75%) were
littermates derived from crossing individuals heterozygous for the inhibitor-1
gene, although some were not, being derived from a knockout x knockout and a

wild-type x wild-type breeding strategy. All experiments conformed to National
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Institutes of Health Guide for the Care and Use of Laboratory Animals (1996).
Less stressful behaviors were tested first. The order of tests was as follows: open
field habituation, novelty task, locomotor activity, fear conditioning. A separate
cohort of mice was tested only for running wheel behavior then sacrificed for
analysis of neurogenesis. Mice were moved within the animal facility to the
testing room and allowed to habituate to the new location for at least 30 min prior
to behavioral testing. C57/BI6 mice (Charles River) were used in the
determination of subregional distribution and for the analysis of inhibitor-1 levels

after voluntary wheel running.

Contextual fear conditioning

Mice were placed in a plexiglass shock box with clear front and rear walls
(MedAssociates) for 5 min. Two-second, 0.5 mA foot shocks were delivered at 2,
3, and 4 min for trials involving three pairings and at 2 min for those with one
pairing. Freezing behavior, defined as a lack of motion except for respiration,
was monitored at 5-sec intervals by an observer blind to the genotype. The boxes
were cleaned with 70% ethanol, and bedding below the shock grid was changed
after each mouse. Baseline freezing was considered to be freezing during the first
two minutes of the training session before the delivery of any foot shock.

Twenty-four, forty-eight, and seventy-two hours after training, contextual
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learning and extinction were assessed by monitoring freezing behavior upon re-

exposure to the training context for 5 min.

Immunoblots

Slice pharmacology was conducted as in previous chapters. Control slices
were treated with DMSO, the solvent used to dissolve forskolin. Lysis and
immunoblot analysis of gross hippocampal dissections and striatal slices were
performed as described in Chapter 2. The following additional antibodies were
used: B-actin (1:500,000, Abcam), phospho-Serl33 CREB (1:1000, Cell
Signaling), phospho-Ser845 GIuR1 (1:1200, Upstate), phospho-Thr286 CaMKlla
(Santa Cruz), and phospho-Ser51 eukaryotic translation initiation factor 2a
(elF2a., 1:1000, Biosource). Of these, two (B-actin and phospho-Ser133 CREB)

were monoclonal.

Voluntary wheel running
Mice were singly-housed in cages with either a freely-moving wheel or a
locked wheel connected to an electronic counter. Computer-generated white

noise was used to drown out ambient noise over the course of the experiment.
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Neurogenesis

After one month of voluntary wheel running, mice were sacrificed by
Diane C. Lagace (UT Southwestern Medical Center) via rapid decapitation 2 h
following intraperitoneal injection of the thymidine analog 5-bromo-2-
deoxyuridine (BrdU; 150mg/kg). Brains were cut along the mid-sagittal fissure,
and half was preserved for protein analysis. The remaining half-brain was
immersion-fixed in 4% paraformaldehyde for three days and cryopreserved in
30% sucrose. Thirty-micron sections were collected through the hippocampus by
Stephanie J. Fischer (UT Southwestern Medical Center) on a freezing microtome
and placed in 0.1% NaNs-phosphate-buffered saline (PBS) until processed for
immunohistochemistry. Every ninth section was mounted on a slide and allowed
to dry overnight. Immunohistochemistry for BrdU-immunoreactive (BrdU+) cells
was performed as previously described (Lagace et al., 2007). Briefly, sections
were incubated overnight in a rat monoclonal anti-BrdU antibody (Accurate,
Westbury, NY, Cat # OBT0030, 1:400) to label cells in S-phase of the cell cycle,
and staining was visualized via fluorescent secondary antibody. 4'-6-diamidino-
2-phenylindole (DAPI, 1:5000 in PBS) was used as a counterstain, and blood
vessel background was eliminated by a 20-min incubation in cupric sulfate
solution (5 mM CuSQ,4, 50 mM ammonium acetate in PBS) (Schnell et al., 1999).
Cells counts were performed as previously described (Harburg et al., 2007),

where BrdU+ cells were counted in four subregions of the dentate gyrus
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(subgranular zone, molecular layer, outer granule cell layer, and hilus). The
habenula was also examined as a non-neurogenic region to confirm BrdU uptake
(data not shown). Actual counts were multiplied by 18 to derive the number of

BrdU+ cells in each region of both hemispheres.

Open field habituation

Mice were habituated for 5 min each day for 4 days in an empty white
open field box (44 cm x 44 cm). Locomotor activity, as well as time spent in each
region of the box, was followed with a video-tracking system (Ethovision, Noldus
Information Technology, Wageningen, Netherlands).  The center region
encompassed a 14 cm x 14 cm square in the middle of the box, whereas the
peripheral region included all areas within 5 cm of the edge. The non-periphery

was defined as all areas not included in the periphery.

Novel location and object recognition

Twenty-four hours after the 4 days of open field habituation, the mice
underwent five 6-min training sessions (Sessions 1-5) in which they were exposed
to three identical 50-ml conical tubes filled with water. One conical was placed in
each of three corners approximately 7 cm from each wall, and one visual cue
(vertical stripes, interlocking circles, or stars) was mounted on each of three walls

to orient the mice. The fourth wall was blank. For the novel location test session
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(Session 6), Conical A was moved to the empty corner. For the novel object test
session (Session 7), Conical A remained in its new position and Conical B was
replaced with a 125-ml glass bottle. Conical C remained constant throughout all
the sessions. All boxes and objects were cleaned with 50% ethanol in between
every session, and each session lasted 6 min. Intersession intervals were 6 min,
except that between Sessions 2 & 3 and Sessions 5 & 6, which were both 45 min.
Mice were videotaped under dim lighting for subsequent hand-scoring by an
observer blind to the genotype. Interactions were scored by the number of nose-
pokes involving direct contact with each object during the 6-min session, and
prolonged nose-pokes (> 1 s) were counted according to the number of seconds of
interaction. Interactions involving other parts of the body (e.g. rear or tail) were
not counted. Occasionally, the mice climbed on top of the objects; in these
instances, the interaction was only counted once no matter how long the mice
rested atop the objects. Interaction ratios were calculated as the ratio of the
percentage of nose-pokes directed at Objects A or B to that directed at Object C.
An interaction ratio of greater than 1.0 indicates that the animal spent more time

interacting with Object A or B than with Object C.

Locomotor activity
Mice were placed in a fresh home cage with minimal bedding for 2 hr

each day for 3 days. Horizontal activity was monitored using photobeams linked
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to computer data acquisition software (San Diego Instruments).

Data analysis
Data analysis was conducted as in Chapter 2. Results are stated as mean +

standard error of the mean.

Results
Contextual fear conditioning

Inhibitor-1 knockout mice perform normally in the Morris water maze
(Allen et al., 2000). We tested another hippocampal-dependent learning task,
contextual fear conditioning. The acquisition and extinction of this associative
task were tested 24, 48, and 72 h after a training protocol involving three foot
shocks. Re-exposure of the mice to the training context after 24 h induced robust
freezing behavior compared to baseline in both controls (62.4 + 6.4% vs. 12.1 +
4.5%) and knockouts (64.2 + 5.5% vs. 16.4 + 3.1) (Figure 4.1A). Subsequent
exposure of the animals to the context without any further foot shocks reduced the
amount of freezing in both groups (46.7 + 5.9% for controls and 47.1 £ 7.2% for
knockouts) on the following day. No further decrease was observed the third day,
and no differences between the groups emerged. To exclude the possibility that

no differences were detected due to a ceiling effect, we tested another cohort of
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mice using a milder training protocol involving only one foot shock. Significant
freezing and extinction were observed; however, there were no differences

between controls and knockouts (Figure 4.1B).

Voluntary wheel running and neurogenesis

The relative importance of the dentate gyrus, CA3, and CAL subregions to
particular hippocampal-dependent learning tasks varies (Lee et al., 2005). As
such, we conducted a subregional analysis of inhibitor-1 protein expression in the
hippocampal formation. Immunoblots of the microdissected subregions revealed
a striking abundance of inhibitor-1 in the dentate gyrus as compared to the CAL,
with ~90% of inhibitor-1 expression in the hippocampal formation belonging to
the dentate gyrus (Figure 4.2A). Neurogenesis in the adult mammalian nervous
system occurs primarily in the subventricular zone and in the subgranular zone of
the dentate gyrus. Given the specific localization of inhibitor-1 to one of two
neurogenic regions in the adult brain and the supposed relationship between
neurogenesis and learning, we examined the role of inhibitor-1 in neurogenesis
induced by voluntary wheel running. Remarkably, just six days of running
increased protein levels of inhibitor-1 in the hippocampus by 1.64 + 0.33-fold
(Figure 4.2B). Supporting this is the observation that, according to microarry
analysis, one month of voluntary wheel running increased inhibitor-1 mRNA

levels in the nucleus accumbens by ~1.6-fold (Colleen A. McClung, UT
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Southwestern Medical Center, personal communication, n = 3 arrays/group with
each array consisting of RNA derived from bilateral tissue punches of 4 mice).
Loss of inhibitor-1 had no effect on the acquisition or expression of
running behavior by the mice over the course of one month. Running by both
groups occurred during the dark cycle and increased steadily during the first
week, reaching a peak of ~ 75 rpm at the end of the week (Figure 4.2C, top
panel). By the third week, both groups peaked at ~ 85 rpm each day (Figure
4.2C, bottom panel). In contrast to the lack of effect on running behavior,
Stephanie J. Fischer (UT Southwestern Medical Center) found that loss of
inhibitor-1 increased running-induced neurogenesis by 1.28 + 0.15-fold
specifically in the subgranular zone (Figure 4.2D). No changes were observed in

the molecular layer, outer granule layer, or hilus.

Novel location and object recognition

The dentate gyrus is thought to be responsible for the orthogonalization of
sensory inputs (Kesner et al., 2004). Novel location recognition, in contrast to
novel object recognition, has been reported to be a particularly dentate-dependent
task (Lee et al., 2005). As such, we tested the ability of inhibitor-1 knockout mice
to recognize familiar objects moved to an unfamiliar location and unfamiliar
objects placed in a familiar location. Mice were habituated to an empty box for 5

min each day for 4 days before being familiarized with three identical inverted,
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water-filled 50-ml conical tubes arranged in specific corners relative to distinct
cues on the wall of the box (Figure 4.3A). Forty-five minutes after five such
training sessions lasting 6 min each, the mice were tested for spatial novelty
recognition, then object novelty recognition. For the spatial novelty test, Conical
A was moved to the previously unoccupied corner. For the object novelty test,
Conical A remained in its new location, and Conical B was replaced with a 125-
ml glass bottle. Conical C remained constant throughout, serving as a control.
The aforementioned training paradigm was effective, as the interaction ratio of
Conical A to Conical C significantly increased for both wild-type (1.41 + 0.14 vs.
0.82 £ 0.10) and knockout (1.41 + 0.11 vs. 0.78 £ 0.08) mice during the spatial
novelty test compared to the last training session (Figure 4.3B). However, there
were no differences between wild-types and knockouts. Likewise, the interaction
ratio of Object B to Conical C robustly increased for both wild-type (2.40 + 0.19
vs. 0.82 + 0.10) and knockout (2.52 + 0.16 vs. 0.88 + 0.13) mice during the object
novelty test compared to the last training session, but there were no differences

between the two groups (Figure 4.3C).

Habituation
Many different types of learning exist, and they are subserved by distinct
pathways. Habituation to a novel environment is one of the most basic

nonassociative learning tasks. Rodents submitted to an open field for the first
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time display more exploratory activity than in subsequent exposures. To
determine if inhibitor-1 functions in this type of learning, we assessed open field
habituation in inhibitor-1 knockouts. Although locomotor activity during the first
session was not different between the groups, knockouts consistently exhibited
more locomotion than wild-types during subsequent sessions, suggesting a mild
habituation defect in inhibitor-1 knockouts (Figure 4.4A). Time spent in the
periphery of the box, a measure of anxiety, was not different between the groups
(Supplemental Figure 4.1). In another context, that of a locomotor box,
inhibitor-1 knockouts displayed a similar habituation defect. Locomotor activity
during the first ten minutes in the box was comparable between the groups during
the first session, but subsequent sessions revealed greater activity in the knockouts
(Figure 4.4B). Total locomotor activity over two hours was indistinguishable
between wild-type and knockout mice, suggesting a specific habituation defect
rather than generalized hyperactivity in the knockouts (Figure 4.4C). Thus, by
two different paradigms, inhibitor-1 knockout mice were observed to have a

deficit in habituation.

Biochemical targets of PP-1 and inhibitor-1
In an effort to identify possible downstream targets of PP-1 and inhibitor-1
responsible for the habituation defect observed in inhibitor-1 knockout mice, we

compared levels of phosphoproteins known to be PP-1 substrates in hippocampi
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from wild-type and inhibitor-1 knockout mice. Despite being PP-1 substrates
strongly implicated in long-term synaptic plasticity, phospho-Ser133 CREB (Bito
et al.,, 1996; Hagiwara et al., 1992), phospho-Ser845 GIuR1 (AMPA receptor
subunit) (Yan et al., 1999), and phospho-Thr286 CaMKII (Strack et al., 1997)
levels were not different between the two groups (Figure 4.5A). Phospho-Ser51
elF2a0 has previously been shown to be a PP-1/inhibitor-1 target in cultured
mammalian cells (Weiser et al., 2004); levels of this phospho-site were
marginally but not significantly lower in knockout mice (95% confidence interval,
0.78 to 1.07). Finally, even though the mitogen-activated protein kinase (MAPK)
pathway has been suggested to act downstream of PP-1 in the regulation of
human prolactin gene expression in a pituitary cell line (Manfroid et al., 2001),
levels of phospho-Thr202/Tyr204 MAPK were unchanged in the hippocampus of
inhibitor-1 knockout mice (data not shown).

Since inhibitor-1 only functions as an inhibitor of PP-1 when it is activated
by PKA, we also assessed the state of phosphorylation of various PP-1 targets in
inhibitor-1 knockout mice after pharmacological activation of PKA. Levels of
phospho-Ser845 GIuR1 and phospho-Ser51 elF2o were similar between wild-
type and inhibitor-1 knockout mice in acutely dissected striatal slices even after
treatment with the D; dopamine receptor agonist SKF81297 or the adenylyl

cyclase activator forskolin (Figure 4.5B).
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Discussion

Despite a plethora of studies purportedly linking inhibitor-1 to
hippocampal learning and memory, there is little evidence directly implicating
inhibitor-1. Most studies have employed exogenous inhibitor-1 to effect a change
in plasticity or learning (Blitzer et al., 1998; Brown et al., 2000; Genoux et al.,
2002; Morishita et al., 2001; Mulkey et al., 1994), thereby truly implicating PP-1
and not inhibitor-1. Furthermore, the few studies that have specifically examined
the function of endogenous inhibitor-1 have been conducted in the CA1 region of
the hippocampus (Blitzer et al., 1998; Brown et al., 2000), which possesses
negligible amounts of inhibitor-1 compared to the dentate gyrus. That inhibitor-1
function in the hippocampus is mostly limited to the dentate is supported by the
finding that inhibitor-1 knockout mice display deficits in LTP in the lateral
perforant pathway, but not the Schaffer collateral pathway (Allen et al., 2000).
Behaviorally, endogenous inhibitor-1 was found to be important for conditioned
place preference to cocaine (Zachariou et al., 2002), but not for water maze
learning (Allen et al., 2000).

Dopaminergic projections from the ventral tegmental area to the nucleus
accumbens and the frontal cortex have historically been the focus of studies
examining the neuroadaptations responsible for drug addiction. The conditioned
place preference phenotype observed in inhibitor-1 knockout mice may result

from loss of normal expression of inhibitor-1 in these areas (Gustafson et al.,
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1991; Lowenstein et al., 1995; Sakagami et al., 1994). However,
neuroadaptations in limbic structures, including the hippocampus, are being
increasingly implicated. The hippocampus has been shown to increase dopamine
levels in the nucleus accumbens and influence dopaminergic behaviors such as
locomotion (Mitchell et al., 2000; Mogenson and Nielsen, 1984). In particular,
dentate granule cells, as specifically targeted by colchicine lesioning, have been
shown to regulate the control of locomotor activity by the nucleus accumbens
(Emerich and Walsh, 1990). Thus, it is possible that inhibitor-1 knockout mice
display a deficit in conditioned place preference due to a defect in dentate granule
cell function.

Habituation to a novel environment is a related task also involving
modulation of the meso-accumbens dopamine system by the hippocampus (Hooks
and Kalivas, 1995; Leussis and Bolivar, 2006). Inhibitor-1 knockout mice
displayed habituation deficits in both an open field context and a locomotor box
context. These deficits could have resulted from disruption of the dopaminergic
circuitry itself or the modulation of that circuitry by the hippocampus. That mice
lacking inhibitor-1 exhibit normal water maze learning and contextual fear
conditioning but abnormal conditioned place preference and habituation to a
novel environment suggests that if inhibitor-1 function is important in the
hippocampus, it may be specific to the modulation of dopamine-dependent

learning behaviors.
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Of notable importance to theories underlying hippocampus-dependent
learning is the possible contribution of newly born neurons in the dentate gyrus
(Bayer et al., 1973). Here we report that mice lacking inhibitor-1 showed
increased running-induced neurogenesis in the subgranular zone. Furthermore,
exposure to a running wheel increased the amount of inhibitor-1 found in the
hippocampus. In contrast, chronic, but not acute, exposure to drugs of abuse,
including opiates, psychostimulants, nicotine, and ethanol, has been shown to
inhibit neurogenesis (Eisch and Harburg, 2006). Together with the deficit in
conditioned place preference observed in inhibitor-1 knockout mice (Zachariou et
al., 2002), these data indicate that inhibitor-1 may function in a homeostatic anti-
neurogenic mechanism targeted by drugs of abuse. It will be interesting to see
whether conditioned place preference and habituation to a novel environment are
behavioral correlates of neurogenesis in the subgranular zone. Interestingly, one
study has already found that reactivity to novelty in rats is inversely correlated
with neurogenesis (Lemaire et al., 1999).

Similar to the behavioral characterization, the biochemical
characterization of mice lacking inhibitor-1 has been limited. Despite an
enormous list of PP-1 substrates important for learning that inhibitor-1 could
potentially impact, there has not been a direct demonstration of regulation of these
substrates by inhibitor-1. The catalytic subunit of PP-1 can bind to any of nearly

sixty actual and putative regulatory molecules (Cohen, 2002), only one of which
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is inhibitor-1. We compared the phosphorylation state of four PP-1 substrates
important for learning in the hippocampus of wild-type and inhibitor-1 knockout
mice. Levels of phospho-Ser133 CREB (Bito et al., 1996; Hagiwara et al., 1992),
phospho-Ser845 GIuR1 (Yan et al., 1999), and phospho-Thr286 CaMKII (Strack
et al., 1997) were equal between the groups, indicating either a lack of regulation
by inhibitor-1 or compensation by another PP-1 regulator. Ser51 of elF2a has
previously been shown to be a direct target of PP-1 susceptible to regulation by
overexpressed inhibitor-1 in cultured mammalian cells (Weiser et al., 2004);
however, this site of phosphorylation was not significantly reduced in inhibitor-1
knockout mice.

The regulation of inhibitor-1 function by PKA on the one hand and
calcineurin on the other hand provides a fertile integration point for signal
transduction cascades and a theoretical basis for how one signal (i.e. NMDA) can
lead to the induction of seemingly opposite processes (i.e. LTP and LTD).
Inhibitor-1 is also regulated by cyclin-dependent kinase 5 (Cdk5) at Ser6 and
Ser67 (Bibb et al., 2001b) and by protein kinase C (PKC) at Ser65 (Sahin et al.,
2006). Thus, despite the lack of direct evidence that inhibitor-1 modulates key
aspects of learning in the hippocampus via PP-1 regulation, inhibitor-1 integrates
multiple signaling cascades that underlie various neurotransmitter receptors. Our

studies indicate that inhibitor-1 may function in an anti-neurogenic mechanism



120

and be more important in the direct or indirect modulation of dopamine-

dependent behaviors than in the mnemonic functions of the hippocampus.
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Figure 4.1. Fear conditioning. Freezing behavior of wild-type (wt) and
inhibitor-1 knockout (ko) mice under baseline conditions and 24 h (Test), 48 h
(Extinct 1), or 72 h (Extinct 2) after association of the context with A, three foot
shocks or B, one foot shock. p < 0.0001 effect of session, repeated measures two-
way analysis of variance (ANOVA), p < 0.001 Bonferonni’s post-test comparing
Baseline to Test for both wt and ko.
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Figure 4.2. Voluntary wheel
running and neurogenesis.
A, Immunoblots  showing
distribution of inhibitor-1 in
the entorhinal cortex (ERC)
and  subregions of the

hippocampal formation
(dentate, CA3, CAl)
compared to actin.

B, Quantitative  immunoblot
analysis  of  hippocampal
homogenates for inhibitor-1
and actin from C57/BI6 mice
exposed to a locked wheel
(cont) or a freely-moving
wheel  (runner) for 6
days, n =5. C, Running
behavior of wt and inhibitor-1
ko mice during the first (top
panel) and third (bottom
panel) week of exposure to the
wheels. D, BrdU-positive
cells from wt and inhibitor-1
ko mice in the subgranular
zone (SGZ, left) or other areas
of the dentate  (right),
including the molecular layer
(Mol), outer granule layer
(OGL), and hilus, after 4
weeks of voluntary wheel
running, n=3. *, p < 0.05,
student’s unpaired t test.
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Figure 4.3. Nove location and object recognition. A, Schematic depicting
experimental design. Objects are indicated by letters, and dashed lines represent
the presence of a unique cue on the wall of the box. B-C, For wt and inhibitor-1
ko mice, the ratio of interaction directed at Conical A or Object B compared to
Conical C during the Baseline, Novel Location, or Novel Object sessions. p <
0.0001 effect of session, repeated measures two-way ANOVA for both Novel
Location and Novel Object compared to Baseline.
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Figure 4.4. Habituation. Locomotor activity of wt and inhibitor-1 ko mice
during A, daily open field sessions lasting 5 min each, p = 0.0001 effect of
session, p = 0.02 effect of genotype, repeated measures two-way ANOVA, B, the
first 10 min of daily locomotor box sessions, p < 0.0001 effect of session, p =
0.02 effect of genotype, repeated measures two-way ANOVA, or C, the entire 2 h
of daily locomotor box sessions.



125

A.

P-Ser133 P-Thr286

P-Serfds [ I P-Ser51
GluR1 F elF2a
2 T

T - L
:|.10_ ----------------------- A2z =
=
§
© 0.54
&

o
0.0
CREE GIlurR1 CaMKIll elF2a

B.

P-Ser845
Gt [ — )
P-Ser51
elF2a — T W

7.09 3 cont
x 6.0 = SKF
6: 50 HEE forsk
o 4.0
3 304
3 2.04
o 1.07 = | | |—=| | |
0.0
164 =3 cont
& = SKF
N, N forsk
w 1.
°
‘.E, 0.8+
[
@ 04
o
0.0
wt -1

Figure 4.5. Biochemical targets of PP-1 and inhibitor-1. Quantitative
immunoblot analysis of A, four phosphoproteins, including CREB, GIuR1,
CaMKIl, and elF2a., expressed as a ratio of levels found in the hippocampus of
inhibitor-1 ko mice to that of age- and sex-matched wt mice, n = 5-6 or B, acutely
dissected striatal slices from wt or inhibitor-1 ko mice treated with vehicle (cont),
SKF81297 (SKF, 1 uM, 5 min), or forskolin (forsk, 10 uM, 10 min), n = 2-3.
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Supplemental Figure 4.1. Open field behavior. Time wt and inhibitor-1 ko
mice spent in the center, non-periphery (non-periph), and periphery (periph) of

the open field box during each of four daily 5-min sessions (numbered).



CHAPTER FIVE

ELECTROPHYSIOLOGICAL CHARACTERIZATION OF

MICE LACKING INHIBITOR-1 AND CDK5

Summary

A number of passive and active electrical properties of dentate granule
cells (GCs) from wild-type and protein phosphatase inhibitor-1 knockout mice
were evaluated, including input resistance, action potential half-width and
maximum derivative, train frequency breakpoint, subthreshold membrane
potential oscillations, and voltage-dependent amplification of responses to
simulated synaptic input. In spite of a limiting number of animals, a significant
impairment in the ability of inhibitor-1 knockout cells to respond to high-
frequency trains of stimuli was detected. In a related study aimed at identifying
possible  functions of cyclin-dependent kinase 5 (Cdk5)-dependent
phosphorylation of inhibitor-1, pharmacological inhibition of Cdk5 was found to
increase granule cell excitability, as measured by an increase in firing frequency
and a decrease in action potential threshold. Finally, in a separate study aimed at
providing a synaptic basis for the enhanced learning and memory observed in
conditional Cdk5 knockout mice, synaptically evoked responses in CAl
pyramidal neurons from these mice were dissected. Whole-cell analysis revealed

normal  o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid (AMPA)
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receptor-mediated and enhanced N-methyl-D-aspartate (NMDA) receptor-
mediated currents. Through the use of the NR2B subunit-selective inhibitor
ifenprodil, conditional Cdk5 knockout mice were demonstrated to specifically

have enhanced NR2B-mediated NMDA receptor currents.

Introduction

Protein phosphatase 1 (PP-1) dephosphorylates a number of substrates that
might impinge on the electrical properties of neurons (Herzig and Neumann,
2000). The availability and open probability of L-type Ca?* channels in rabbit
cardiac tissue is increased by phosphorylation (Ono and Fozzard, 1993). Non-L-
type neuronal Ca®* channels are similarly affected (Dolphin, 1992), in contrast to
striatal voltage-gated Na® channels which appear to be inactivated by
phosphorylation (Schiffmann et al., 1998). Effects of phosphorylation on inward
rectifier K* channels are varied, depending on the particular circumstances and
system of study (Inoue and Imanaga, 1995; Koumi et al., 1995; Takano et al.,
1995). Pharmacological inhibition of PP-1/PP-2A results in increased current
through NMDA receptors (Wang et al., 1994) and P4 purine receptors (Pintor et
al., 1997). Thus, PP-1 and the regulation of PP-1 by inhibitor-1 have the potential
to greatly impact neuronal function by the direct dephosphorylation of various ion

channels.
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The effects of Cdk5 on ion channel function are less well-characterized.
Nonetheless, numerous studies in the past decade suggest an important role for
Cdk5 in the direct regulation of various ion channels. Cdk5 phosphorylates and
activates transient receptor potential vanilloid 1 (TRPV1) (Pareek et al., 2007).
Phosphorylation of the o1C subunit of L-type voltage-gated Ca®* channels at
Ser783 by Cdk5 inhibits Ca** flux and insulin secretion by pancreatic  cells (Wei
et al., 2005a). P/Q-type voltage-gated Ca** channels involved in neurotransmitter
release are similarly affected (Tomizawa et al., 2002). Finally, phosphorylation
of the NR2A subunit of the NMDA receptor by Cdk5 at Ser1232 is thought to be
important in mediating long-term potentiation (Li et al., 2001) and the death of
CA1 pyramidal neurons following ischemic injury (Wang et al., 2003).

Given the importance of PP-1 and Cdk5 to ion channel function, we
undertook an electrophysiological characterization of constitutive inhibitor-1
knockout mice and conditional Cdk5 knockout mice at the whole-cell level.
Because ~90 % of inhibitor-1 in the hippocampal formation is concentrated in the
granule cells of the dentate gyrus (Chapter 4), they were the focus of the
inhibitor-1 studies. Recordings from conditional Cdk5 knockout mice were
performed in CA1 pyramidal neurons to provide a link to the enhanced contextual
fear and spatial learning observed in these mice (Hawasli et al., manuscript

submitted).
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Experimental Procedures
Drugs and reagents
All drugs and reagents were from Sigma, except where indicated. 6,7-

dinitroquinoxaline-2,3-dione (DNQX) was purchased from Tocris.

Sice preparation

Paratransverse hippocampal slices were prepared from inhibitor-1 wild-
type or constitutive knockout mice (3-6 weeks) (Allen et al., 2000) for the
inhibitor-1 studies and from conditional Cdk5 knockout mice (10-12 weeks) 2-4
weeks after induction of knockout by 15 daily intraperitoneal injections of 66.7
mg/kg hydroxytamoxifen (Ammar H. Hawasli, UT Southwestern Medical Center)
for the Cdk5 studies. Littermate males dosed with the same regimen of
hydroxytamoxifen, but lacking the Cre transgene, served as controls for the Cdk5
studies.

Halothane-anesthetized male mice were subjected to intracardiac
perfusion with chilled artificial cerebrospinal fluid (ACSF, 125 mM NaCl, 25 mM
glucose, 25 mM NaHCOs, 2.5 mM KCI, 1.25 mM NaH,PO4, 2 mM CaCl,, 1 mM
MgCl,, pH 7.4) or cutting saline (200 mM sucrose, 3 mM KCI, 1.4 mM NaH,PO,,
26 MM NaHCO3, 2 mM MgCl,, 2 mM CaCl,, 10 mM glucose) for the inhibitor-1

and Cdk5 studies, respectively. Slices (300 um) were prepared in the perfusion

solution using a vibratome and recovered at 34°C for 20 min in an interface
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chamber containing ACSF constantly bubbled with 95% O, / 5% CO,, then held
at room temperature. Kynurenic acid (2 mM) was included in the recovery
chamber for the Cdk5 studies to prevent excitotoxicity in the aged slices. For
recording, slices were visualized with a Zeiss microscope (Oberkochen,

Germany) equipped with differential interference optics.

Current-clamp recordings

Whole-cell, current-clamp recordings were made at room temperature
from the soma of dentate GCs using a BVC-700 amplifier (Dagan, Minneapolis,
MN). Patch-clamp electrodes (3-4 MQ) were fabricated from thick-walled
borosilicate glass. The intracellular solution consisted of 115 mM potassium
gluconate, 20 mM KCI, 10 mM sodium phosphocreatine, 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2 mM Mg-ATP, 0.3
mM Na-GTP, and 0.1 mM ethylene glycol-bis(2-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA), pH 7.3, with 0.1% biocytin for subsequent visualization
by Douglas A. Meyer (UT Southwestern Medical Center) as in (Supplemental
Figure 5.1). Recordings were performed in ACSF containing 2 mM kynurenic
acid, 2 uM SR95531, and 1 uM atropine sulfate.

GCs were generally held at =71 mV; cells resting at > =58 mV upon
break-in were not used. Input resistance and action potential properties were

determined from 600-ms step pulses. Trains of 0.1-ms step pulses lasting for one
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second were used in the analysis of train frequency breakpoint, and current
intensity was chosen to be 25 pA higher than that required for a faithful response
to a 40-Hz train. Simulated excitatory postsynaptic currents (SEPSCs), with a rise
time of 0.2 ms and a decay time of 6 ms, were injected into the soma via the
recording pipette and were followed 400 ms later by a 5-ms step pulse to verify
accurate bridge balance and capacitance compensation. SEPSC intensity was
chosen as that required for a 5-mV deflection in membrane potential from rest.
For the roscovitine studies, spike ratio and action potential threshold were
determined from 600-ms step pulses, in which current intensity was chosen as that

required for approximately five action potentials immediately after break-in.

Voltage-clamp recordings

Whole-cell, voltage-clamp recordings were made at 32°C from the soma
of CA1 pyramidal neurons using a BVC-700 amplifier (Dagan, Minneapolis,
MN). Patch-clamp electrodes (3-5 MQ) were fabricated from thick-walled
borosilicate glass. The intracellular solution consisted of 110 mM D-gluconic
acid, 110 mM CsOH, 20 mM CsCl, 10 mM disodium phosphocreatine, 0.3 mM
Na-GTP, 2 mM Mg-ATP, 10 mM HEPES, 0.5 mM EGTA, and 5 mM lidocaine
N-ethylbromide with 0.1% biocytin. Recordings were performed in ACSF

containing 2 uM SR95531, 1 uM atropine, 50 uM NiCl,, and 10 uM nimodipine.
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CAL1 pyramidal neurons resting at > —-55 mV upon break-in were not used.
A stimulating electrode made of two intertwined strands of 4 um coated stainless
steel wire was placed in the stratum radiatum to elicit excitatory postsynaptic
currents (EPSCs). EPSCs were evoked at 0.05 Hz using a BSI-950 biphasic
stimulus isolator (Dagan, Minneapolis, MN), and stimulus intensity was chosen to
elicit 125-150 pA EPSCs at a holding potential of -70 mV. Prior to each sweep, a
-5 mV step pulse was injected to assess and control for series resistance. NMDA

receptor-mediated EPSCs were isolated with 20 uM DNQX.

Data analysis

Data were converted using an ITC-18 interface (Instrutech, Port
Washington, NY) and analyzed using custom macros running under Igor Pro 5.0
(WaveMetrics, Lake Oswego, OR). Input resistance was only calculated from
responses to —10, -5, 0, and +5 pA current injections to avoid errors from
rectification. Action potential properties were defined from the first action
potential observed in response to a step pulse of current near rheobase. Action
potential half-widths were calculated as the width of the action potential at a
voltage halfway between the threshold and the peak voltage, in which threshold
was defined as the voltage at which the first derivative of the action potential
reached 30 mV/ms. Train frequency breakpoints were defined as the minimum

frequency of stimulation required to induce at least one failure, or a voltage
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deflection in which the peak voltage was less than 0 mV. Oscillatory behavior
was quantified as the average deviation in membrane potential over 14 s in the
absence of action potentials. Responses to SEPSCs were integrated for
guantitation. For the roscovitine studies, spike ratios were calculated as the
number of action potentials elicited by a 600-ms step pulse at defined times after
break-in to that immediately after break-in. Action potential thresholds were
defined from the first elicited action potential as above.

Data analysis for the Cdk5 studies was performed by Ammar H. Hawasli
(UT Southwestern Medical Center). In addition to calculation of the
NMDA/AMPA ratio via isolation of the NMDA-receptor current with DNQX,
NMDA/AMPA ratios were also calculated in the absence of DNQX, where the
NMDA receptor component was defined as the area of the +40 mV EPSC from 45
ms to 350 ms and the AMPA receptor component as the area of the =70 mV
EPSC from 0 ms to 44 ms. Decay constants (t) were calculated with a single-

exponential fit.

Results
Characterization of dentate GCs frominhibitor-1 knockout mice

A number of passive and active electrical properties were evaluated,
including input resistance, action potential half-width and maximum derivative,

train frequency breakpoint, subthreshold membrane potential oscillations, and
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voltage-dependent amplification of responses to simulated synaptic input. The
input resistance of the GCs was quite high, in the range of hundreds of megaohms
(Figure 5.1). Previously reported input resistance values, calculated from whole-
cell patch clamp (Ambrogini et al., 2004; Liu et al., 1996; Lubke et al., 1998;
Staley et al., 1992) or perforated patch-clamp (Spruston and Johnston, 1992)
methods, vary from 200 to 6000 MQ. Apparently, the properties of granule cells
vary with location (Wang et al., 2000), maturity of the neuron (Ambrogini et al.,
2004), and age of the animal (Liu et al., 1996). Input resistances calculated from
sharp electrode recordings are much lower (~50 MQ) (Fricke and Prince, 1984;
Staley et al., 1992), likely due to electrode-associated leak conductances (Staley et
al., 1992). The median action potential half-width was 1.35 ms, larger than the
reported value of 0.87 ms (Lubke et al., 1998). Any of the aforementioned factors
could account for the difference in action potential half-width. The maximum
derivative of action potentials generally fell between 250 and 500 mV/ms (Figure
5.2), reasonably consistent with a previous report (Ambrogini et al., 2004).
Dentate GCs are remarkable for their ability to faithfully respond to high-
frequency trains of stimuli, in contrast to prolonged step pulses. All cells were
capable of repetitive firing in response to 40-Hz trains, but eventually faltered as
higher and higher frequencies were tested. The median train frequency
breakpoint, or the minimum frequency at which failures appeared, was 100 Hz for

wild-type GCs (Figure 5.3). None of the ten recorded wild-type cells faltered



136

below 75 Hz. In contrast, three of the six recorded knockout cells faltered below
75 Hz, with one cell exhibiting failures at a frequency as low as 50 Hz.

As has been observed in subicular neurons (Cooper et al., 2003; Mattia et
al., 1997), GCs demonstrated near-threshold membrane potential oscillations
(Figure 5.4), likely as a result of subthreshold activation of voltage-gated Na*
channels. They also displayed voltage-dependent amplification of responses to
simulated synaptic input (Figure 5.5), a phenomenon demonstrated to be
dependent on boosting of voltage-gated Na* channels in neocortical (Gonzalez-
Burgos and Barrionuevo, 2001; Stuart and Sakmann, 1995) and subicular neurons
(Cooper et al., 2003).

While knockout of inhibitor-1 caused several properties of the GCs,
including input resistance, action potential maximum derivative, membrane
potential oscillations, and voltage-dependent amplification of SEPSCs, to perhaps
trend towards a change, these differences were not significant because of the low
n. More GCs from inhibitor-1 knockout mice would have to be recorded before a
judgement can be made. The most promising difference was observed in the
analysis of train frequency breakpoint. This difference reached significance (p <
0.05) by a student’s unpaired t test. Unfortunately, the number of inhibitor-1
knockout mice available was limiting at the time these recordings were

conducted.
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Effects of Cdk5 inhibition on GC excitability

In an effort to identify an electrophysiological measure that might be
affected by Cdk5-dependent regulation of inhibitor-1 in dentate GCs, we
pharmacologically inhibited Cdk5 with roscovitine. Intracellular application of
roscovitine (1 uM) caused GCs to become more excitable. Action potential
frequency in response to a defined step pulse increased in a time-dependent
manner upon wash-in of roscovitine, in contrast to firing threshold, which
decreased (Figure 5.6). Fifteen minutes after break-in, the firing rate increased

by 3.6 + 0.3-fold, and the threshold decreased by 4.8 + 1.5 mV.

Examination of EPSC components in CA1 pyramidal neurons from conditional
Cdk5 knockout mice

Current-voltage relations for CA1 pyramidal neurons from control and
conditional Cdk5 knockout mice were largely indistinguishable, except at
+40 mV (Figure 5.7A). Here cells from knockout animals displayed larger
synaptically-evoked EPSCs, despite no change in the reversal potential. In
addition, NMDA/AMPA EPSC ratios were 1.4 + 0.2-fold larger in cells from
conditional knockout mice (Figure 5.7B), in spite of equivalent AMPA receptor-
mediated whole-cell currents (3601 + 400 vs. 3800 + 313). Calculation of the

NMDA/AMPA ratio using an alternative method without the use of the AMPA
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receptor antagonist DNQX yielded similar results (Figure 5.7C). These data
suggest that loss of Cdk5 results in larger NMDA receptor-mediated currents.

In the adult hippocampal Schaffer collateral pathway, NMDA receptor-
mediated current occurs predominantly through receptor complexes consisting of
NR1 and NR2A or NR2B subunits (Monyer et al., 1994). Relative subunit
contributions to the increased NMDA receptor-mediated current were determined
by measuring sensitivity to the NR2B-selective inhibitor ifenprodil (Chenard and
Menniti, 1999). Ifenprodil-sensitive currents were 3.2 + 0.5-fold greater in cells
from conditional Cdk5 knockout mice (Figure 5.7D). NR1/NR2B-mediated
currents exhibit a longer decay constant than NR1/NR2A-mediated currents
(Vicini et al., 1998). Consistent with this fact, the decay constant (t) for NMDA

receptor-mediated currents was longer in knockout (74.2 + 7.2 ms) than in control

(51.5 + 4.7 ms) mice (Figure5.7D).

Discussion

In the rat, approximately one million dentate GCs innervate some 300,000
CA3 pyramidal neurons via mossy fibers (Amaral et al.,, 1990). Spike
transmission, or the firing of a postsynaptic cell in response to the firing of a
presynaptic cell, occurs in response to trains of spikes, but not a single spike of
the GC (Henze et al., 2002). Furthermore, the probability of spike transmission

varies with the frequency of granule cell firing, with 100-Hz firing resulting in a
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probability greater than 0.8. Thus, the ability of GCs to transmit information to
CA3 neurons is critically dependent on their ability to rapidly fire trains of action
potentials. Our train frequency breakpoint assay is a measure of this ability. The
lower train frequency breakpoint observed in GCs lacking inhibitor-1 suggests
that the efficacy with which these cells communicate with target CA3 neurons
may be reduced.

Roscovitine affects neuronal function in a number of known and unknown
ways unrelated to its inhibition of Cdk5. Specifically, it has been shown to
increase P/Q-type calcium tail currents when applied extracellularly, but not
intracellularly (Yan et al., 2002). Recently, similar effects were observed for N-
and R-type (ECsp = 54 uM), but not L-type, voltage-gated calcium channels
(Buraei et al., 2005; Buraei et al., 2007). While the deactivation kinetics were not
altered, bath-applied roscovitine also rapidly inactivated voltage-gated potassium
channels (ECso = 23 uM) (Buraei et al., 2007). Thus, experiments employing
roscovitine as a means of inhibition of Cdk5 must be interpreted carefully.
Nonetheless, the effects of roscovitine on GC excitability are interesting,
especially considering the fact that roscovitine was applied intracellularly at a low
concentration (1 uM). As of yet, no side effects from intracellular administration
have been reported. Studies employing other Cdk5 inhibitors, such as indolinone
A, will be helpful in determining whether roscovitine acted via a Cdk5-dependent

mechanism.



140

The results from the Cdk5 studies correlate well with a number of
observations regarding the conditional loss of Cdk5 (Hawasli et al., manuscript
submitted): 1) Mice display superior performance in hippocampal-dependent
learning tasks, including contextual fear memory and water maze reversal
learning. 2) Long-term potentiation (LTP) is enhanced. 3) NMDA/AMPA field
excitatory postsynaptic potential (EPSP) ratios are larger. 4) Hippocampal NR2B
protein levels are increased. 5) The enhanced LTP is reversed by the NR2B-
selective antagonist ifenprodil and the general NMDA receptor antagonist 2-
amino-5-phosphonopentanoic acid (AP5). Thus, the enhanced NMDA receptor-
mediated currents and NR2B-dependent components observed at the whole-cell
level contribute to a novel mechanism by which Cdk5 regulates NR2B-containing

NMDA receptors.
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Figure5.1. Input resistance. Example voltage responses of a GC to step current
injections (top left) quantitated as a voltage-current relationship (bottom left).
Input resistance of GCs from inhibitor-1 control (cont) and knockout (ko) mice in
a scatter plot with a median bar (right).
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Figure 5.3. Train frequency breakpoint. Example traces of the voltage
response of GCs from inhibitor-1 cont (top left) and ko (bottom left) mice to high
frequency stimulation. Scatter plot with a median bar depicting the minimum
frequency of stimulation at which action potentials falter for each group (right).
p < 0.05, student’s unpaired t test, n = 6-10.
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Figure 5.4. Membrane potential oscillations. Example oscillatory behavior of
a GC held at different potentials (top left) quantitated as average deviation
(bottom left). Graph depicting subthreshold membrane potential oscillations of
inhibitor-1 cont and ko GCs held at different potentials (right).
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Figure 5.5. Voltage-dependent amplification of responses to simulated
synaptic input. Example voltage response of a GC held at two different
potentials to a subthreshold simulated synaptic input (top left). Graph depicting
the integrated voltage response of an example GC (bottom left) and the average
responses of inhibitor-1 cont and ko GCs held at different potentials (right).
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Figure 5.6. Effects of roscovitine on GC excitability. Successive traces
depicting spiking behavior of an example GC upon intracellular application of
1 uM roscovitine (left). Graphs depicting the ratio of the number of spikes at
various times after break-in to that immediately after break-in (top right, p < 0.01,
one-way ANOVA) and the change in action potential threshold with time (bottom
right, p < 0.05, Kruskal-Wallis test).
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Figure 5.7. Effects of loss of Cdk5 on NMDA receptor currents. A, |-V
relationship for CA1 pyramidal neurons from wild-type (wt) and conditional
Cdk5 knockout (ko) mice. B, Whole cell NMDA:AMPA EPSC charge ratio with
representative traces. AMPA- and NMDA-mediated EPSCs were measured at
—70 mV and +40 mV/20 uM DNQX, respectively, n = 7-10 cells, 5-7
mice/genotype. C, Alternative whole cell NMDA:AMPA EPSC charge ratio.
AMPA- and NMDA-mediated EPSCs were measured at =70 mV (0 ms — 44 ms)
and +40 mV (45 ms — 350 ms), respectively, n = 6-8 cells, 5-7 mice/genotype.
D, Effect of ifenprodil (ifen) on whole-cell NMDAR-mediated EPSCs.
Representative traces of NMDAR-mediated EPSCs before (Inmpa) and after (ligen-
resistant) 10 M ifenprodil are shown. lifen-sensitive Fepresents area between Iyvpa and
lifen-resistant traces, normalized to Invpa. T for Inmpa IS shown, n = 6-8 cells, 6-7
mice/genotype (+60 mV/20 uM DNQX). * p < 0.05, student’s t test, L] = wt and
M = ko.
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Supplemental Figure 5.1. Biocytin stains of dentate granule cells. Shown are
the the somas and dendritic arbors of four dentate granule cells filled with
biocytin during whole-cell patch clamp analysis.



APPENDIX A

DATAPRO MACROS FOR USE IN IGOR

#pragma rtGlobals=1 /I Use modern global access method.
#include <ANOVA>

menu "Chan"
"PosthoclnputR", PosthoclnputR()
end

function PosthoclnputR ()

variable/g Rexecution // to keep track of how many times function has been run
string list, deltaVno, inputino, deltaVmno, inputlmno, fit_deltaVmno

string theWave, adtheWave, IRtext, sweeplist, currentlist, sweeptime

variable index=0, 0=0, abbrev1l, abbrev2

variable pulseavg, baseavg, IR

prompt list, "Enter sweep numbers as ranges, or separated by commas"
doprompt "Input Resistance", list

if (V_Flag)
return -1
endif
do
if (index == 0) /I is this the first wave?
print itemsinlist(list, ",")
make/o/N=(itemsinlist(list, ",")) deltaV /I create deltaV wave
make/o/N=(itemsinlist(list, ",")) inputl /I create input current wave

make/o/N=1 deltaVm
make/o/N=1 inputIm
endif
theWave = StringFromList (index, list, *,")
for (;stringmatch (theWave, "*-*") ==1;)  // for loop b/c possibility of multiple ranges
sscanf theWave, "%f-%f", abbrevl, abbrev2 // assign start and stop of range

do
list = list + "," + num2str(abbrevl) // add individual sweeps of range to list
abbrevl +=1
while (abbrevl <= abbrev2) [/l until last sweep in range
list = removefromlist (theWave, list, ",")  // remove range from list
print list
theWave = StringFromList (index, list, ",") /I reassign theWave
print theWave
redimension/n=(itemsinlist(list, ",")) deltaV [l adjust # points in waves
redimension/n=(itemsinlist(list, ",")) inputl /I adjust # points in waves
endfor

adtheWave = "adl " + theWave
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if (strlen(theWave) == 0)

break / ran out of waves
endif
if (index == 0) /I is this the first wave?
display $adtheWave
currentlist =""
else
appendtograph $adtheWave
endif

wavestats/q/r=(0,100) $adtheWave
baseavg = v_avg
wavestats/q/r=(600,700) $adtheWave
pulseavg = v_avg
if (pulseavg > -100) /I make sure pulseavg not maxed out
deltaV [index] = pulseavg - baseavg
wave/t stimhistory = stimhistory
inputl [index] = str2num(stimhistory [(str2num(theWave))][4])
currentlist += stimhistory [(str2num(theWave))][4] // for textbox of currents
currentlist +="
Il 4 spaces to separate
if ((-12 < str2num(stimhistory [(str2num(theWave))][4])) & (str2num(stimhistory
[(str2num(theWave))][4])< 8))
if (0!=0)
redimension/n=(0+1) deltaVm
redimension/n=(0+1) inputim
endif
deltaVm [0] = pulseavg - baseavg
inputlm [0] = str2num(stimhistory [(str2num(theWave))][4])
o+=1
endif
else

150

removefromgraph $adtheWave // exclude out-of-bounds wave from appended sweeps

list = removefromlist (theWave, list, ",")  // remove out-of-bounds wave from list

index -=1 /I to account for item removal from list
redimension/n=(itemsinlist(list, ",")) deltaV, inputl  // get rid of extra data point
endif
index +=1 // next wave

while (1)
currentlist = Sortlist(currentlist, " ", 2) /I sort current list into numerical order

currentlist = "pulses " + currentlist

currentlist +="  pA"

ModifyGraph gfSize=7

ModifyGraph IbIMargin(left)=5

ModifyGraph IbIMargin(bottom)=1

deltaVVno = "deltaV" + num2str(Rexecution)
inputlno = "inputl™ + num2str(Rexecution)

duplicate deltaV $deltaVno

duplicate inputl Sinputino

display $deltavno vs $inputino /I inputR graph
ModifyGraph mode=3,marker=19 /I scatterplot



end
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curvefit line deltaVm /x=inputim /d

fit_deltaVmno = "fit_deltaVm" + num2str(Rexecution)
duplicate fit_deltavVm $fit_deltaVmno

appendtograph $fit_delta\VVmno

ModifyGraph gfSize=7

ModifyGraph IbIMargin(left)=4

ModifyGraph IbIMargin(bottom)=6

wave w_coef =w_coef

IR=(w_coef[1])*1000 // convert inputR (slope) to MOhms

sprintf IRtext, "%g M\F'Symbol'W", IR /I for textbox
list = Sortlist(list, ",", 2) /I sort sweeplist

sprintf sweeplist, "Sweeps %s", list /I for textbox

theWave = StringFromList (0, list, ",") // determine first sweep to record time
sweeptime = stimhistory [(str2num(theWave))][8] /I time of first sweep
TextBox/C/N=textl/F=0/A=MT/E=0 IRtext [/ inputR value in MOhms
TextBox/C/N=text4/X=5.00/Y=15/F=0/A=MT/E=0 sweeptime I/l time
Label bottom "pA" /I for inputR graph

Label left "mVv" I/ for inputR graph

Rexecution+=1

macro MaxDerivative2(startsweep,endsweep)
variable pointnumber,startsweep,endsweep, threshold, halfY, vmax, maxloc, vmax2, halfx1,

halfxavg, halfx2, halfwidth

variable/g o
string thiswave
string base

o=startsweep
base=bnamel
pointnumber=0

sprintf thiswave "%s%d",base, 0

print thiswave

dowindow/K changraph

chanwindow()
display/HOST=chanwindow $thiswave

dowindow changraph

do

sprintf thiswave "%s%d" base, 0

duplicate/o $thiswave diffwave
differentiate diffwave
wavestats/q diffwave
vmax=V_max
maxloc=V_maxloc
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lidocainediff[pointnumber]=vmax //display maxderiv in table

findlevel/q diffwave, 30 //find threshold

duplicate/o $thiswave vlevelY //find Y corresponding to X threshold
Threshold=vlevel Y(V_levelx) //find Y corresponding to X threshold
lidocainethresh[pointnumber]=threshold //display threshold in table
wavestats/q $thiswave

vmax2=V_max //peak of curve
halfY=((vmax2-threshold)/2)+threshold //Y halfway b/w threshold and peak
findlevel/g $thiswave,halfY //left point at halfy

halfx1=V_levelx

findlevel/g/t=10 $thiswave, halfY //avg point at halfy
halfxavg=V_levelx

halfx2=(halfxavg*2)-halfx1 //right point at halfy

halfwidth= halfx2-halfx1

print halfy

print halfx1

print halfxavg

print halfx2

print halfwidth

lidocainehalfwidth[pointnumber]=halfwidth //display halfwidth in table
diffwave-=vmax+10 //move into view

o+=1
pointnumber+=1
while (o<=endsweep)
end

window chanwindow()

string base

base=bnamel

sprintf thiswave "%s%d" ,base, 0

dowindow/f changraph

display $thiswave

appendtograph diffwave

ModifyGraph rgb(diffwave)=(0,0,0) //change color
wavestats/q $thiswave

SetAxis bottom V_maxloc-10,V_maxloc+10 //zoom in
end

macro KillGraphs (except)

string except, graphexcept, theGraph

graphexcept = "graph" + except

string allgraphs = winlist ("graph*",";","win:1")

variable index=0

do
theGraph = StringFromList (index, allgraphs)
if (stringmatch (theGraph, graphexcept) == 0)



dowindow/k $theGraph
endif
if (strlen(allgraphs) == 0)
break
endif
index +=1
while (1)
end

macro KillAllGraphs ()
string theGraph
string allgraphs = winlist ("graph*",";","win:1")
variable index=0
do
theGraph = StringFromL.ist (index, allgraphs)
dowindow/k $theGraph
if (strlen(allgraphs) == 0)
break
endif
index +=1
while (1)
end

macro KillAllTables ()
string theTable
string alltables = winlist ("table*",";","win:2")
variable index=0
do
theTable = StringFromList (index, alltables)
dowindow/k $theTable
if (strlen(alltables) == 0)
break
endif
index +=1
while (1)
end

menu "Chan"
"ActiveProperties”, ActiveProperties()
end

function ActiveProperties()

/I be sure to killwaves threshold, maxderiv, halfwidth, APsweeplist, APtimelist before starting
variable thresh, halfY, halfx1, halfxavg, halfx2, halfw, sweepno

string APtime
svar newwavel

duplicate/o $newwavel diffwave
differentiate diffwave
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findlevel/q diffwave, 30 //find X at which deriv is 30 (threshold)
duplicate/o $newwavel vlevelY //for correct syntax in next step
thresh=vlevel Y(V_levelx) //find Y corresponding to X threshold
if (waveexists(Threshold)==0)
make/n=1 Threshold
Threshold[0]=thresh
edit threshold
else
DoWindow/f ActivePropSummary
redimension/n=((humpnts(Threshold)+1)) Threshold
Threshold[(numpnts(Threshold)-1)]=thresh
endif

wavestats/q diffwave
if (waveexists(MaxDeriv)==0)
make/n=1 MaxDeriv
MaxDeriv[0]=V_max
appendtotable MaxDeriv
else
redimension/n=((numpnts(MaxDeriv)+1)) MaxDeriv
MaxDeriv[(numpnts(MaxDeriv)-1)]=V_max
endif

wavestats/q $newwavel

halfY=((V_max-thresh)/2)+thresh //'Y halfway b/w threshold and peak

findlevel/q $newwavel,halfY //left point at halfy
halfx1=V_levelx
findlevel/g/t=10 $newwavel, halfY //avg point at halfy
halfxavg=V_levelx
halfx2=(halfxavg*2)-halfx1 //right point at halfy
halfw= halfx2-halfx1
print halfxavg
if (waveexists(HalfWidth)==0)
make/n=1 HalfWidth
HalfwWidth[0]=halfw
appendtotable HalfWidth
else
redimension/n=((humpnts(HalfWidth)+1)) Halfwidth
HalfWidth[(numpnts(HalfWidth)-1)]=halfw
endif

sscanf newwavel, "adl_%f", sweepno
if (waveexists(APSweepL.ist)==0)
make/n=1 APSweepL.ist
APSweepL.ist[0]=sweepno
appendtotable APSweepList
else
redimension/n=((numpnts(APSweepList)+1)) APSweepL.ist
APSweepList[(numpnts(APSweepL.ist)-1)]=sweepno
endif
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wave/t stimhistory = stimhistory
APtime=stimhistory[sweepno][8]
if (waveexists(APTimeL.ist)==0)
make/t/n=1 APTimeL.ist
APTimeList[0]=APtime
appendtotable APTimeList
ModifyTable size=8,alignment=1
DoWindow/C/T ActivePropSummary,"Active Properties"
else
redimension/n=((numpnts(APTimeList)+1)) APTimeList
APTimeList[(numpnts(APTimeList)-1)]=APtime
endif

end
Function APButton(ctrIName) : ButtonControl

String ctriName
Execute "ActiveProperties()"

End
menu "Chan"

"DentatelnputR", DentatelnputR()
end

function DentatelnputR()
variable increment, firstIR, pointno
variable IR, i, change, j
NVAR IRinitial
string IRtext="", changetext=""

dowindow/f adc_daccontrol
PopupMenu dacpopup_0 mode=3
doupdate

i=0

dowindow/k Input_Resistance
NVAR MultdacO

MultdacO = 1 //sets multiplier to 1
NVAR dplong

dplong = 600

increment=5

if (waveexists(deltaV)==0)

firstiR=0 /I variable firstIR is 0 if this is first IR measure for exp

else

firstiR=1 // otherwise firstIR is 1

endif
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do

if (i==0) /I if first cycle, make waves
make/o/n=1 baselineAvg
make/o/n=1 baselineSD
make/o/n=1 pulseAvg
make/o/n=1 pulseSD
make/o/n=1 Currentlnjection
make/o/n=1 deltaV

else
redimension/n=(i+1) baselineAvg /Il otherwise, make waves longer
redimension/n=(i+1) baselineSD
redimension/n=(i+1) pulseAvg
redimension/n=(i+1) pulseSD
redimension/n=(i+1) CurrentInjection
redimension/n=(i+1) deltaV

endif

NVAR dpdur

dpdur=600

NVAR dphigh

dphigh=-5-i*increment  // start at -5pA and go down by "increments"
Currentinjection[i]=dphigh

doupdate

/Isets duration of long pulse to 600 ms

/I sets amplitude of long pulse to -200 pA

dodataacq() //acquires data

SaveStimHistory(0) // writes to history table

SVAR newwavel
wavestats/q/r=(0,100) $newwavel
baselineAvg[i]=v_avg
baselineSD[i]=v_sdev

wavestats/q/r=(600,700) $newwavel
pulseAvgli]=v_avg
pulseSDJ[i]=v_sdev

i+=1

while ((pulseAvg[i-1]>-88) && (i<15) && HaltProcedures()<1) // while cell is more + than
88 and spacebar not pressed

j=i
i=1
do

redimension/n=(j+1) baselineAvg
redimension/n=(j+1) baselineSD



redimension/n=(j+1) pulseAvg
redimension/n=(j+1) pulseSD
redimension/n=(j+1) CurrentInjection
redimension/n=(j+1) deltaV

NVAR dpdur

dpdur=600

NVAR dphigh

dphigh=-5+i*increment  // start at -5pA and go up by "increments"
Currentinjection[j]=dphigh

doupdate

dodataacq() //acquires data

SaveStimHistory(0) // writes to history table

SVAR newwavel
wavestats/q/r=(0,100) $newwavel
baselineAvg[j]=v_avg
baselineSD[j]=v_sdev

wavestats/q/r=(600,700) $newwavel
pulseAvg[j]=v_avg
pulseSDJ[j]=v_sdev

j+=1

i+=1

duplicate/o $newwavel diffwave /I to find action potentials
differentiate diffwave

findlevel/q diffwave, 40

while ((V_flag==1) && (j<30) && HaltProcedures()<1) // no action potentials and 30
rounds max

deltaV=pulseAvg-baselineAvg
display deltaV vs currentinjection as
dowindow/c/f Input_Resistance
ModifyGraph mode=3
ModifyGraph rgb(deltaV)=(0,0,0)
label left "mVv"
label bottom "pA™
pointno=numpnts(deltaV)
pointno-=2
CurveFit/q line deltaV[,pointno] /X=Currentlnjection /D
wave w_coef=w_coef
IR=(w_coef[1])*1000 // convert to MOhms
sprintf IRtext, "%g M\F'Symbol'W", IR /I for textbox
TextBox/C/N=text1/F=0/A=MT/E=0/y=4 IRtext /' inputR value in MOhms
if (firstiIR==0) /1 if first IR measure for exp

IRinitial=IR /I define global variable IRinitial for memory

else
change=(IR/IRinitial) // otherwise calculate change
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change*=100 /I as a percentage
sprintf changetext, "%g"change
changetext += "% of initial"

endif
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TextBox/C/N=text2/F=0/A=MT/E=0/y=12 changetext /I %change from initial

end

Function DGIR(ctrIName) : ButtonControl
String ctrIName
Execute "DentatelnputR()"

End
menu "Chan"

"Oscillations”, Oscillatn()
end

function Oscillatn()

variable/g oscexecution

string list, sweeptime, peaknos, voltagenos

string theWave, adtheWave, sweeplist, currentlist

variable index=0, abbrev1, abbrev2

prompt list, "Enter sweep numbers as ranges, or separated by commas"
doprompt "Oscillations", list

if (V_Flag)
return -1
endif
do
if (index == 0) /I is this the first wave?
make/o/N=(itemsinlist(list, ",")) peak /I create peak wave
make/o/N=(itemsinlist(list, ",")) voltage /I create voltage wave
endif

theWave = StringFromL.ist (index, list, ",")

for (;stringmatch (theWave, "*-*") ==1;)  // for loop b/c possibility of multiple ranges

sscanf theWave, "%f-%f", abbrevl, abbrev2 // assign start and stop of range

do
list = list + "," + num2str(abbrevl) // add individual sweeps of range to list
abbrevl +=1
while (abbrevl <= abbrev?2) /I until last sweep in range
list = removefromlist (theWave, list, ",")  // remove range from list
print list
theWave = StringFromL.ist (index, list, ",") /I reassign theWave
redimension/n=(itemsinlist(list, ",")) peak [ adjust # points in waves
redimension/n=(itemsinlist(list, ",")) voltage [ adjust # points in waves
endfor

adtheWave = "adl " + theWave
if (strlen(theWave) == 0)
break /I ran out of waves
endif
if (index == 0) /I is this the first wave?



display $adtheWave
ModifyGraph gfSize=7
ModifyGraph IblPos(left)=27
ModifyGraph IbIMargin(bottom)=6
else
appendtograph $adtheWave
endif
wavestats/q $adtheWave
voltage[index]=V_avg
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duplicate/o $adtheWave predoscill // curvefit destination wave (next step) must already exist

curvefit/q poly 3, $adtheWave /d=predoscill

duplicate/o $adtheWave dupWave /l cannot use $string in function

duplicate/o $adtheWave difference I/ wave has to exist before using in function
difference = dupwave - predoscill

wavestats/q difference

peak[index]=V_adev

index +=1

while (1) [/l until break above

end

peaknos = "peak" + num2str(oscexecution)

print peaknos

voltagenos = "voltage" + num2str(oscexecution)

duplicate/o peak $peaknos

duplicate/o voltage $voltagenos

display $peaknos vs $voltagenos

ModifyGraph mode=3,marker=19

K0 = 0;K1 =7.067;K2 = -.0526

CurveFit/G exp $peaknos /X=$voltagenos /D

Label bottom "mVv*"

Label left "Avg Dev"

ModifyGraph gfSize=7

ModifyGraph IbIMargin(left)=4

ModifyGraph IbIMargin(bottom)=6

theWave = StringFromList (0, list, ",") // determine first sweep to record time
wave/t stimhistory = stimhistory

sweeptime = stimhistory [(str2num(theWave))][8] /I time of first sweep
TextBox/C/N=text4/Y=15.00/F=0/A=MT/E=0 sweeptime I time
TextBox/C/N=text1/F=0/A=MT/E=0 num2str(k2)

oscexecution+=1

end

menu "Chan"
"PlotforLayout", PlotforLayout()

function PlotforLayout()
svar newwavel=newwavel
nvar newsweep

wave/t stimhistory



string gainz, currentz, wavenom, commentz, thyme, newsweepstr
duplicate/o $newwavel $newwavel+"copy"

display $newwavel+"copy"

ModifyGraph gfSize=7

ModifyGraph IbIMargin(left)=4

ModifyGraph IbIMargin(bottom)=6

gainz=stimhistory[newsweep][1]
currentz=stimhistory[newsweep][4]
wavenom=stimhistory[newsweep][0]
Commentz=stimhistory[newsweep][7]
thyme=stimhistory[newsweep][8]
newsweepstr=num2str(newsweep)

TextBox/C/N=text1/f=0 wavenom

if (cmpstr(wavenom,"StepPulse_ DAC")!=0)
TextBox/C/N=text3/f=0/y=25 gainz
TextBox/C/N=text2/f=0 ""

else
TextBox/C/N=text2/f=0/y=25 currentz
TextBox/C/N=text3/f=0 ""

endif

TextBox/C/N=text4/f=0/y=50 thyme

TextBox/C/N=text5/f=0/y=75 newsweepstr

end
function PlotLButton(ctrIName) : ButtonControl

string ctriName
execute "PlotforLayout()"

end
menu "Chan"

""StackedPlot", StackedPlots()
end

function StackedPlots()

svar newwavel=newwavel

nvar newsweep

wave/t stimhistory

string gainz, currentz, wavenom, commentz, thyme, newsweepstr
dowindow/b databrowser

AppendToGraph/L=left2 $newwavel

ModifyGraph IblPos(left2)=27

ModifyGraph axisEnab(left2)={0,0.48},freePos(left2)=0
ModifyGraph axisEnab(left)={0.52,1}

ModifyGraph IbIMargin(left)=4

ModifyGraph IbIMargin(bottom)=6
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gainz=stimhistory[newsweep][1]
currentz=stimhistory[newsweep][4]
wavenom=stimhistory[newsweep][0]
Commentz=stimhistory[newsweep][7]
thyme=stimhistory[newsweep][8]
newsweepstr=numa2str(newsweep)

TextBox/C/N=text3/y=15
TextBox/C/N=text2/y=15
TextBox/C/N=text4/y=25
TextBox/C/N=text5/y=37.5

TextBox/C/N=text6/f=0/y=55 wavenom

if (cmpstr(wavenom,"StepPulse_ DAC")!=0)
TextBox/C/N=text7/f=0/y=67.5 Gainz
TextBox/C/N=text8/f=0 ""

else
TextBox/C/N=text8/f=0/y=67.5 Currentz
TextBox/C/N=text7/f=0 ""

endif

TextBox/C/N=text9/f=0/y=80 thyme

TextBox/C/N=text10/f=0/y=92.5 newsweepstr

end

function StackButton(ctrIName) : ButtonControl
string ctriName
execute "StackedPlots()"

end
menu "Chan"

"Boosting", Boostin()
end

function Boostin()

string list, areawno, holdIno, boostpeakno

string theWave, adtheWave, sweeplist, sweeptime

variable/g boostexecution

variable index=0, abbrev1, abbrev2, baseline

prompt list, "Enter sweep numbers as ranges, or separated by commas"
doprompt "Boosting", list

if (V_Flag)
return -1
endif
print boostexecution
do
if (index == 0) /I is this the first wave?

print itemsinlist(list, ",")
make/o/N=(itemsinlist(list, ",")) areaw /I create area wave
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make/o/N=(itemsinlist(list, ",")) holdl /I create holding current wave
make/o/N=(itemsinlist(list, ",")) boostpeak /I create peak wave
endif

theWave = StringFromList (index, list, *,")
for (;stringmatch (theWave, "*-*") ==1;)  // for loop b/c possibility of multiple ranges
sscanf theWave, "%f-%f", abbrevl, abbrev2 // assign start and stop of range

do
list = list + "," + num2str(abbrevl) // add individual sweeps of range to list
abbrevl +=1
while (abbrevl <= abbrev2) [/l until last sweep in range
list = removefromlist (theWave, list, ",")  // remove range from list
print list
theWave = StringFromList (index, list, ",") /I reassign theWave
print theWave
redimension/n=(itemsinlist(list, ",")) areaw /I adjust # points in waves
redimension/n=(itemsinlist(list, *,")) holdI /I adjust # points in waves
redimension/n=(itemsinlist(list, ",")) boostpeak
endfor

adtheWave = "adl " + theWave
if (strlen(theWave) == 0)

break / ran out of waves
endif

wavestats/q/r=(0,60) $adtheWave
baseline = v_avg
wavestats/q $adtheWave
boostpeak[index] = v_max - baseline
duplicate/o $adtheWave, tempwave
tempwave-=baseline
areaw[index] = area(tempwave, 60, 400)
holdl[index] = v_avg
index +=1 // next wave

while (1)
areawno = "areaw" + num2str(boostexecution)
print areawno
holdIno = "holdI" + num2str(boostexecution)
duplicate/o areaw $areawno
duplicate/o holdl $holdino
display $areawno vs $holdIno
ModifyGraph mode=3,marker=19 /I scatterplot
K0 =0;K1 =5783.8;K2 = -.04
Curvefit/g exp $areawno /x=$holdIno /d

list = Sortlist(list, ",", 2) /I sort sweeplist

sprintf sweeplist, "Sweeps %s", list /I for textbox

theWave = StringFromList (0, list, ",") // determine first sweep to record time
TextBox/C/N=text1/F=0/A=MT/E=0 num2str(k2)

wave/t stimhistory = stimhistory

sweeptime = stimhistory [(str2num(theWave))][8] /I time of first sweep
TextBox/C/N=text4/Y=15.00/F=0/A=MT/E=0 sweeptime /l time



end

Label bottom "mV"

Label left "EPSP Integral”
ModifyGraph gfSize=7
ModifyGraph IbIMargin(left)=4
ModifyGraph IbIMargin(bottom)=6

boostpeakno = "boostpeak” + num2str(boostexecution)
duplicate/o boostpeak $boostpeakno

display $boostpeakno vs $holdino

ModifyGraph mode=3,marker=19 /I scatterplot
KO0 = 0;K1 = 9.04;K2 = -.0059

Curvefit/g exp $boostpeakno /x=$holdIno /d
TextBox/C/N=text1/F=0/A=MT/E=0 num2str(k2)
TextBox/C/N=text4/Y=15.00/F=0/A=MT/E=0 sweeptime
Label bottom "mV"

Label left "Peak™

ModifyGraph gfSize=7

ModifyGraph IbIMargin(left)=4

ModifyGraph IbIMargin(bottom)=6
boostexecution+=1

[/l time
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