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phosphatase and kinase activities in working memory

Jason D. Runyan, Anthony N. Moore, and Pramod K. Dash’

The Vivian L. Smith Center for Neurological Research, Department of Neurobiology and Anatomy, The University of Texas

Medical School, Houston, Texas 77225, USA

The prefrontal cortex is involved in the integration and interpretation of information for directing thoughts and
planning action. Working memory is defined as the active maintenance of information in mind and is thought to lie
at the core of many prefrontal functions. Although dopamine and other neurotransmitters have been implicated, the
intracellular events activated by their receptors that influence working memory are poorly understood. We
demonstrate that working memory involves transient changes in prefrontal G -signaling and in calcium-dependent
intracellular protein phosphatase and kinase activity. Interestingly, inhibition of the calcium activated phosphatase
calcineurin impaired, while calcium/calmodulin dependent kinase Il (CaMKII) and calcium-dependent protein kinase
C (PKC) enhanced, working memory. Our findings suggest that the active maintenance of information required for
working memory involves transient changes in the balance of these enzymes’ activities.

The prefrontal cortex (PFC) is instrumental in the processing of
information for guiding thought and intentional action, which
are often referred to as executive function. Working memory, the
process of actively maintaining and integrating information in
mind for a relatively short period of time, underlies many pre-
frontal functions (Baddeley 1992). An example of this is holding
a heard statement in mind to formulate an appropriate response
during conversation. Electrophysiological recordings and func-
tional imaging studies have indicated the involvement of the
dorsolateral PFC in monkeys and humans in working memory
(Fuster and Alexander 1971; Ungerleider et al. 1998). In rats, the
medial part of the prefrontal cortex (mPFC) is considered to be
the homolog of the primate dorsolateral PFC (Kolb 1984; Uylings
and van Eden 1990). Within the PFC, depletion of dopamine or
inhibition of dopamine D1/DS receptor activity results in an im-
pairment in working memory tasks (Brozoski et al. 1979; Kozlov
et al. 2001). Interestingly, either insufficient (as in aging) or ex-
cessive (as in stress) prefrontal dopamine receptor stimulation
can impair working memory (Goldman-Rakic et al. 2000). In ad-
dition to dopamine, norepinephrine, acetycholine, and seroto-
nin have been implicated in working memory (Zahrt et al. 1997;
Robbins et al. 2000).

“Delay cells” within the PFC of monkeys and rats have been
shown to remain active throughout a time period in which ani-
mals are required to maintain information for a future response
in delay match-to-sample working memory tasks (Fuster and Al-
exander 1971; Kojima and Goldman-Rakic 1982; Baeg et al.
2003). It is thought that modulatory neurotransmitters are in-
volved in the maintenance of delay neuronal activity by influ-
encing the reverberating activity within the PFC that subserves
working memory (Hebb 1949; Fuster 1980). For example, local
infusion of a dopamine D1/DS5 receptor antagonist into the PFC
interferes with delay period activity and working memory
(Sawaguchi and Goldman-Rakic 1991; Sawaguchi 2001). Al-
though the activity of D1 receptors is known to be involved
working memory, it is not known how receptor stimulation is
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linked to the active maintenance of information. In this report,
we present pharmacological, behavioral, and biochemical evi-
dence to demonstrate that calcium-activated protein phospha-
tase and kinase activities are critical for working memory.

Results

The delay match-to-place task is dependent on mPFC
activity and is sensitive to prefrontal dopamine DI

receptor modulation
Previous experimentation in humans, monkeys, and rats indicate
that prefrontal D1/D35 receptor activity is required for working
memory (Sawaguchi and Goldman-Rakic 1991; Seamans et al.
1998). Several investigators have employed the delay match-to-
place to study working memory and its dysfunction in patho-
logical conditions (Hamm et al. 1996, Waters et al. 1997; Steele
and Morris 1999; Miyoshi et al. 2002; Dash et al. 2004). In this
task, animals are required to locate a hidden escape platform
(location trial), removed from the training context and then,
following a 5-sec delay, placed back into the training context and
allowed to relocate the platform (match trial). In order to dem-
onstrate the necessity of prefrontal neuronal activity in this task,
rats were infused with either 0.5 pg/side muscimol (a GABA,
receptor agonist) or vehicle, targeted to the mPFC. Fifteen min-
utes later, animals were tested in the match-to-place task. Figure
1A shows that vehicle-treated animals demonstrate intact work-
ing memory as indicated by a significant decrease in latency to
platform during the match trials compared with the location
trials. Muscimol-infused animals, by comparison, had match trial
latencies that were not significantly different than those re-
corded for the location trials. This indicates that increasing the
inhibitory component within the PFC disrupts working memory
performance in the match-to-place task.

To corroborate the involvement of prefrontal dopamine D1/
DS receptors in the match-to-place working memory task, ani-
mals received bilateral intra-mPFC infusions of the receptor an-
tagonist SCH-23390 (1 ug/side; n=7) 15 min prior to testing.
This dose was based on previous studies demonstrating that in-
tra-mPFC infusion impairs working memory and disrupts D1 re-
ceptor activity (Seamans et al. 1998). Animals receiving vehicle
infusions exhibited a significant decrease in latency for the match

Learning & Memory 103

www.learnmem .org



Runyan et al.

man-Rakic 1991; Arnsten et al. 1994;
Goldman-Rakic et al. 2000). Consistent
with this, Figure 1E shows summary
data from the D1 receptor experiments,
demonstrating that both excessive and
insufficient receptor stimulation within
the PFC impairs working memory in this
version of the match-to-place task. Fur-
ther, consistent with previous studies
showing partial or low levels of prefron-
tal D1 agonist can improve deficits in

working memory (Arnsten et al. 1994;
Castner et al. 2000; Goldman-Rakic et
al. 2000), our data indicate that low lev-
els of D1 agonist can optimize working
memory. In order to confirm that the im-
pairment of working memory following
intra-mPFC D1 receptor antagonist infu-
sion was not caused by diffusion of the
drug into the hippocampus, 1 pg/side
SCH-23390 was directly infused into the
dorsal hippocampus and working
memory assessed. Figure 1F shows that in-
trahippocampal D1 receptor antagonism
did not influence working memory per-
formance (vehicle: loc=32.9 + 2.0 sec
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Figure 1. mPFC activity and D1 receptors are required for performance in a delay match-to-place

working memory task. Average latency to hidden platform for location and match trials for animals
infused into the mPFC with the following: (A) muscimol (0.5 pg), a GABA agonist; (B) SCH-23390 (1
ug), a D1/D5 receptor antagonist; (C) SKF-38393 (1 pg), a D1/D5 receptor agonist; and (D) SKF-38393
(0.08 pg) compared with their respective vehicle infused controls. (E) Working memory performance
follows an inverted-U response curve to D1 receptor stimulation (expressed as the delta [A] latency
between the location and match trials). (F) Average latency to hidden platform for location and match
trials for animals infused into the hippocampus with SCH-23390 (1 pg). *P < 0.05 comparing location

to match trials; TP < 0.05 comparing match trials between groups.

trial, indicating normal working memory (loc = 46.2 + 4.0 sec vs.
match = 26.8 = 3.3 sec, P < 0.05) (Fig. 1B). In contrast, SCH-23390-
infused animals (n=7) did not show a significant decrease in la-
tency during the match trial, indicating impaired working memory
(loc=45.9 + 3.4 sec vs. match =37.9 + 6.4 sec, P = NS). Similar to
this, infusion of 1 pg/side of the D1/D5 receptor agonist SKF-39383
(n=9) also impaired working memory (loc=33.6 = 2.8 vs.
match = 25.3 + 3.6 sec, P = NS) compared with that of vehicle con-
trols (n=7; loc=35.0 = 4.2 vs. match = 18.5 + 1.8 sec, P <0.05)
(Fig. 1C). While the vehicle group in this experiment showed
lower location trial latencies than in other experiments, this re-
duction was also observed in the drug-infused animals, possibly
as a result of the particular platform positions used in this study
and interexperimental variability. When a lower concentration
of SKF-39383 (0.08nug/side) was infused into the mPFC (Fig. 1D),
a group main effect was observed as a result of drug treatment
(F(1,12) = 5.938). Post-hoc analysis indicated that the D1 agonist-
infused animals (n = 7) had significantly shorter latencies during
the match trials than did the vehicle-infused controls (n = 7; ve-
hicle: match = 28.7 + 3.1 sec; SKF-38393: match = 18.6 + 2.9
sec, P < 0.05) (Fig. 1D). This effect suggests that modest D1 ago-
nism improves spatial working memory. In all experiments with
D1/D5 receptor agonists and antagonist, no difference was ob-
served in the ability of the drug- and vehicle-infused groups to
search and locate the hidden platform during the location trials,
nor were any differences in swimming speed, motivation or vi-
sual acuity found (data not shown).

Previous studies have shown that either excessive or insuf-
ficient mPFC D1 receptor stimulation impairs working memory,
giving rise to an inverted-U response curve (Sawaguchi and Gold-
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vs. match = 10.4 + 1.1 sec, P < 0.05; SCH-
23390: loc =34.9 £ 5.1 sec vs.
match = 13.1 = 2.3 sec, P <0.05). This
result is consistent with our previous
findings that intra-mPFC infusion of
drugs does not directly impact bio-
chemical changes occurring within the
hippocampus or other proximal struc-
tures (Runyan et al. 2004). Taken to-
gether, these results indicate that the de-
layed match-to-place task utilized in this study requires the active
use of information over seconds and is sensitive to mPFC D1/D5
receptor manipulation, both of which are features of working
memory.

G,/ translocation and phospholipase C activity

in working memory

Modulatory neurotransmitters involved in working memory en-
gage G protein—coupled receptors to initiate intracellular signal-
ing. For example, dopamine D1/DS5 receptors are coupled to both
G, and G, proteins that can alter the levels of the intracellular
second messengers CAMP and calcium. In response to receptor
stimulation, Gg;;; and Ga are released from the plasma mem-
brane (Levis and Bourne 1992; Arthur et al. 1999). To examine if
the amount of membrane bound G, is altered during working
memory, mPFC tissue samples (~1 mm?®) were harvested at vari-
ous time-points from animals performing the working memory
task. Following the location trial, animals were killed either im-
mediately upon removal of the platform (n = 8), following a 20-
sec delay (n =35), or following a 90-sec delay (n = 5). During the
process of removal of the brain, ice-cold artificial cerebrospinal
fluid (CSF) was poured onto the surface of the skull and exposed
brain. Once the brain was removed, it was submerged in ice-cold
artificial CSF, and mPFC tissue punches containing the prelimbic
and infralimbic cortices (PL/IL) taken. On average, ~2 sec was
required to decapitate the animal, with another 6-8 sec required
to remove the brain. Control tissue was prepared in a similar
manner from animals yoked for swimming time (SWIM; n=7)
and from naive animals (n = 5).



Molecular mechanism for working memory

The levels of membrane bound Gy, were investigated by
Western blotting. Protein concentration was quantified for each
sample and normalized for sample loading. Following protein
transfer, the membrane was cut into high-molecular-weight (<60
kDa) and low-molecular-weight (>60 kDa) sections and probed
for Na*/K* ATPase, to further control for sample loading, and
Gg/11 TeSpectively. Figure 2A shows that Gy, immunoreactiv-
ity was decreased in mPFC membrane extracts at the immediate
time-point compared with timed swim controls (swim control:
100 = 4.9%; WM-immed: 79.4 = 5.0%, P < 0.05). No significant
difference in the immunoreactivity for Na*/K* ATPase was ob-
served between the groups (swim control: 100 = 6.9%; WM-
immed: 100.7 = 8.2%, P =NS). Gq/1;, immunoreactivity re-
turned to control levels by the 90-sec time-point. Likewise, when
G, (Which stimulates adenylyl cyclase to increase CAMP synthe-
sis) immunoreactivity was investigated, no difference was found
in between mPFC membrane extracts from animals at this time-
point (swim control: 100 + 14.3%; WM-immed: 97.1 + 10.9%,
P =NS). This is consistent with a previous study reporting that
blockade of cAMP-dependent protein kinase A (PKA) activity by
Rp-cAMPS did not influence working memory in a delay alterna-
tion task (Taylor et al. 1999).

Since activation of G, increases phospholipase C (PLC)
activity (Smrcka et al. 1991), we tested if PLC inhibition impaired
working memory. Bilateral intra-mPFC infusions of a PLC inhibitor
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Figure 2. Spatial working memory involves PLC and calcineurin activi-

ties. (A) Representative G/,,, and Na*/K* ATPase Western blots per-
formed on mPFC membrane extracts taken at time-points during the
delay match-to-place task compared against swim controls. Summary
results showing average G4, immunoreactivity as a percentage of that
obtained for swim controls. *P < 0.05. (B) Average latency to hidden
platform for location trials and match trials during the delay match-to-
place task for intra-mPFC infused vehicle and U73122 (0.26 pg).
*P < 0.05 comparing location to match trials; ¥P < 0.05 comparing
match trials between groups. (C) mPFC calcineurin activity expressed as
percentage swim control at time-points during the delay match-to-place
working memory task. *P < 0.05. (D) Average latency to hidden platform
for location and match trials during the delay match-to-place task for
intra-mPFC vehicle, and cyclosporin A (0.3 pg or 0.7 pg) animals.
*P < 0.05 comparing location to match trials.

U73122 (0.26pg/side; n=15) or vehicle (n=12) were performed
prior to testing. Figure 2B shows that animals that received U73122
had impaired working memory, as indicated by a lack of sig-
nificant improvement in the match compared with the location
trials (vehicle: loc =44.7 = 2.9 sec vs. match =29.3 + 3.6 sec,
P <0.05; U71223: loc = 39.9 + 2.8 sec vs. match = 36.6 + 4.0 sec,
P =NS). No between-group difference in latency to a visible
platform (vehicle = 15.9 = 2.9 sec; U73122 =16.2 = 3.0 sec,
P=NS) or in swimming speed (vehicle =24.9 + 0.4 cm/sec;
U73122 =26.0 = 1.5 cm/sec, P = NS) was detected, suggesting that
the observed working memory deficits were not due to differences
in motor function or motivational state.

Calcineurin activity is required for working memory
Once activated, PLC hydrolyzes inositol phospholipids to gener-
ate diacylglycerols (DAG) and IP;. These lipid products, as well as
PLC itself, increase intracellular calcium (Taylor 2002), leading to
the activation of calcium-dependent enzymes such as calcium/
calmodulin-dependent protein phosphatase (calcineurin) and ki-
nases (e.g., CaMKII and PKC), which are highly abundant in the
PFC. To examine if mPFC calcineurin activity changes during
working memory, an in vitro dephosphorylation assay was per-
formed by using a calcineurin-specific phosphopeptide. No dif-
ference in calcineurin activity was observed between naive
(n=35) and swim control mPFC samples (naive: 0.37 = 0.06 vs.
SWIM: 0.35 = 0.04 nmole phosphate released/min/mg protein).
However, a significant decrease in calcineurin activity was ob-
served in the mPFC samples at the immediate time-point (n = 7)
compared with the swim control group (n = 8; P < 0.05) (Fig. 2C).
This decrease had returned to control levels by the 20-sec time-
point.

To test the role of calcineurin activity in working memory,
animals received bilateral intra-mPFC infusions of either 0.3 pg/
side (n = 8) or 0.7 ng/side (n = 7) of the calcineurin inhibitor cy-
closporin A, a selective calcineurin inhibitor (Li and Hand-
schumacher 1993) prior to testing. Animals that received either
dose of the inhibitor had latencies similar to vehicle-infused ani-
mals (n = 8) during the location trials but were unable to find the
hidden platform during the match trials significantly faster, in-
dicating a working memory deficit (vehicle: loc = 40.3 + 2.5 sec
vs. match = 24.5 = 2.3 sec, P < 0.05; cyclosporin A, 0.3 pg:
loc =46.0 = 3.7 sec vs. match = 34.6 + 5.7 sec, P = NS; cyclospo-
rin A, 0.7 pg: loc=47.7 = 3.9 sec vs. match = 38.9 = 3.6 sec,
P =NS) (Fig. 2D). No difference in latency to a visible platform
was observed between the groups (vehicle = 15.1 + 2.7 sec; cy-
closporin, A 0.7 ng = 14.0 = 3.5 sec, P = NS).

CaMKII and PKC activity negatively influence

working memory

Following binding to calcium/calmodulin, CaMKII is autophos-
phorylated at the Thr?®® residue, which can be used as a marker
for its activation (Meyer et al. 1992; Mukherji et al. 1994). By
using an antibody specific for phoshorylated Thr?®¢, immuno-
histochemical staining of mPFC sections revealed a qualitative
increase in CaMKII phosphorylation (pCaMKII) at the immediate
second time-point during the working memory task compared
with swim controls (Fig. 3A). pCaMKII immunoreactivity was
found to be predominantly localized within layer II of the mPFC
with expression also in layers III through V. Counts of double-
labeled cells revealed that 96% (145 of 151) of all pCaMKII-
positive cells (green) were also positive for the neuronal marker
NeuN (Fig. 3A, red). No detectable pCaMKII expression was ob-
served in GFAP-expressing astrocytes (Fig. 3B) or in inhibitory
neurons as indicated by GAD67 immunoreactivity (Fig. 3C).
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Figure 3. CaMKIl activity negatively influences spatial working
memory. (A) Representative confocal images of phospho-CaMKII (green)
and NeuN (red) immunoreactivity of mPFC tissue sections taken from
animals performing the working memory task (immediate) or from swim
control. Phospho-CaMKIl immunoreactivity was not detected in GFAP-
expressing astrocytes (red) (B) or GAD67-expressing inhibitory neurons
(Q). Scale bar for all images = 10 um. (D) mPFC CaMKII activity expressed
as percent swim control at time-points during the delay match-to-place
working memory task. (E) Average latency to hidden platform for location
and match trials for intra-mPFC KN-93-infused (1 pg), a CaMKIl inhibitor,
or vehicle-infused animals. *P < 0.05 comparing location to match trials;
TP < 0.05 comparing match trials between groups.

To quantify CaMK activity during the working memory
task, an in vitro phosphorylation assay using mPFC protein ex-
tracts was utilized. This assay has been extensively used to exam-
ine CaMK activity, and the peptide used has been shown to be a
specific substrate for CaMK (Klann et al. 1993; Moore et al. 1996).
In extracts from control animals, the unstimulated activity of
CaMK was found to be 0.90 = 0.04 nmol of ATP transferred/
min/mg protein. Figure 3D shows that CaMK activity in the
mPFC significantly increased at the immediate time-point (n = 7)
compared with swim controls (n =38, P < 0.05). This increase
had subsided by 20 sec. To test if CaMKII activity is involved in
working memory, animals received intra-mPFC infusions of KN-
93 (1 pg/side) or vehicle prior to testing. Although both the ve-
hicle-treated (n=9) and KN-93-treated (n = 8) animals demon-
strated intact working memory as evidenced by significantly
lower latencies during the match trials compared to the location
trials (Fig. 3E), comparisons between the groups revealed a sig-
nificant group main effect (F; 5, = 7.896). Post-hoc analysis re-
vealed that the CaMKII inhibitor-treated animals found the hid-
den escape platform significantly faster during the match trials
than did their vehicle-treated counterparts (vehicle:
match = 29.6 + 3.0 sec; KN-93: match =19.6 = 2.0 sec,
P < 0.05), with no difference in the location trials. This indicates
that inhibition of mPFC CaMKII activity resulted in an enhance-
ment in working memory performance. There were no between-
group differences in the latency to the hidden platform during
the location trials, and both groups had comparable swim velocities
(vehicle = 24.1 + 3.4 cm/sec; KN-93 = 23.7 + 1.2 cm/sec, P = NS).
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Protein kinase C (PKC) can also be activated by calcium and
has been implicated in regulating persistent activity in PFC slice
preparations (Young and Yang 2004). We therefore tested
whether changes in PKC activity occur during working memory.
The activity assay and substrate peptide used has been previously
characterized (Klann et al. 1993). In extracts from control ani-
mals, the unstimulated activity of PKC was found to be
0.07 £ 0.02 nmol of ATP transferred/min/mg protein. Figure 4A
shows an increase in PKC activity in mPFC protein samples at the
20-sec time-point compared with the swim control samples
(P < 0.05). This increase returned to control levels by 90 sec (Fig.
4A). To test the role of PKC activity in working memory perfor-
mance, bilateral intra-mPFC infusion of a broad spectrum PKC
inhibitor, GF109203X (1 ng/side), was performed before testing.
Both the GF109203X-treated (n = 11) and vehicle-treated (n = 11)
animals had significantly shorter latencies to the platform during
the match trial compared with the location trial (Fig. 4B). How-
ever, a main effect of drug administration was detected
(F 20y = 4.724) with the GF109203X-infused animals finding the
platform significantly faster during the match trials than the ve-
hicle group (vehicle: match = 30.9 = 3.5 sec; GF109203X:
match =22.2 + 2.1 sec, P <0.05). No significant difference in
the location was detected. To specifically test if calcium-sensitive
isoforms of PKC are involved, bilateral intra-mPFC infusions of
the calcium-sensitive PKC isoform inhibitor G66976 (1 ng/side)
were performed. Similar to the broad spectrum PKC inhibitor,
infusion of G66976 (n=9) significantly improved working
memory performance compared with vehicle-infused controls
(n=9; F1,16 = 5.445; vehicle: match = 28.0 = 3.8 sec; G 6976:
match = 17.6 + 2.2 sec, P < 0.05) (Fig. 4C). In both PKC inhibitor
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Figure 4. PKC activity negatively influences performance in the delay
match-to-place task. (A) PKC activity expressed as percent swim control
at time-points during the working memory task. Average latency to hid-
den platform for location and match trials for intra-mPFC. (B) GF109203X
(1 pg), a PKC inhibitor, and (C) G66976-infused (1 pg), a Ca’'-
dependent PKC inhibitor, animals compared with vehicle controls. (D)
lllustration of coronal sections (3.2 mm and 3.7 mm to bregma) of the
mPFC indicating the non-redundant infusion sites for the animals in this
study. *P < 0.05 comparing location to match trials; P < 0.05 comparing
match trials between groups.
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studies, there was no between-group difference in latency to the
platform during location trials or in swim velocity (ve-
hicle =23.9 = 1.0 cm/sec; GF109203X =26.8 = 1.8 cm/sec,
P =NS; vehicle = 19.3 = 3.2 cm/sec; GO 6976 =19.7 £ 1.6 cm/
sec, P = NS). Following the completion of all behavioral
studies, cannulae placement was assessed. Figure 4D shows coro-
nal illustrations of the mPFC with the non-redundant infusion
sites indicated. All infusions were found to be within the PL/IL
cortices.

Discussion

It is known that prefrontal activity (Fuster and Alexander 1971)
and dopamine (Sawaguchi and Goldman-Rakic 1991) are critical
for working memory. Although reverberating neuronal activity
within the PFC is thought to be required for working memory,
the contribution of intracellular changes to this process is poorly
understood. In the present study, we show that working memory
results in transient changes in the activity of the calcium-
activated enzymes calcineurin, CaMKII, and PKC within the PFC.
Changes in enzymatic activity were observed as a result of the
working memory task and not following swimming alone. Work-
ing memory impairments as a result of inhibition of calcineurin,
as well as enhancements as a result of inhibition of CaMKII
and PKC, suggests that these calcium-activated signaling mol-
ecules may play opposing roles in working memory. In addi-
tion to delay cell activity, the present findings support a role
for the protein phosphatase calcineurin in working memory,
suggesting that protein dephosphorylation may be required for
this process. Consistent with a role for protein dephosphoryla-
tion in working memory, we found that calcium-sensitive pro-
tein kinase activities have a negative influence. These findings
stand in contrast to the roles of these molecules in long-term
memory storage in which attenuation of calcineurin activity en-
hances (Malleret et al. 2001) and inhibition of kinase activities
impair long-term memory (Silva et al. 1992; Mayford et al. 1995;
Kandel 2001).

We observed a decrease in calcineurin activity, as well as
increases in CaMK and PKC activities, in prefrontal samples pre-
pared following the location trial in the delay match-to-place
working memory task. Calcineurin has a higher affinity for the
calcium/calmodulin complex than does CaMKII (Mulkey et al.
1994; D’Alcantara et al. 2003) and is preferentially activated at
moderate intracellular calcium concentrations. It is therefore
possible that a transient increase in prefrontal calcineurin activ-
ity occurred, which we were unable to detect due to the temporal
limitations inherent in the sample preparation protocol. This
poses the possibility that as delay period activity persists, calcium
accumulation could result in the activation of CaMKII, as well as
calcium-dependent PKC isoforms. Though the CaMK assay em-
ployed does not distinguish between CaMKII and CaMKIV iso-
forms, and the PKC substrate can be phosphorylated by both
calcium-dependent and -independent isoforms of PKC, our phar-
macological and immunohistochemical studies implicate
CaMKII and calcium-dependent PKC isoforms in working
memory. As CaMKII becomes autophosphorylated, calcium/
calmodulin availability decreases due to the trapping of
calmodulin (Meyer et al. 1992). A sequestration of calmodulin by
phosphorylated CaMKII could decrease the availability of
calmodulin, thereby decreasing calcineurin activity. However,
this possibility remains to be demonstrated experimentally.

Our enzyme activity measurements in mPFC tissue follow-
ing working memory training revealed an ~25% decrease in cal-
cineurin activity, while CaMK and PKC activities were found to
be enhanced by 50% and 90%, respectively. Ideally, to assess the
role of these training-related changes, genetic and pharmacologi-

cal interventions should target only these changes, leaving basal
enzymatic activity unperturbed. Unfortunately, this is techni-
cally difficult, and a common problem associated with the use of
pharmacological inhibitors is that the degree of pharmacological
inhibition is likely to exceed the temporal limitations of the ob-
served biochemical event. Therefore, one could not definitively
conclude that the behavioral effect observed following adminis-
tration of a pharmacological inhibitor is due to the blockade of a
training-related change rather than inhibition of basal activity.
However, it has been previously demonstrated that the inhibitors
used in this study do not alter basal synaptic transmission in
brain slices (which results from the direct binding of calcium
brought in by the action potential to synaptotagmin causing
fusion of synaptic vessels and transmitter release) (Mulkey et al.
1994; Margrie et al. 1998; Camodeca et al. 1999; Edagawa et al.
2000). This suggests that the influences of the inhibitors we ob-
served are likely to be due not to blockade of basal neuronal
activity but rather to an influence on the mechanism underlying
working memory.

The behavioral data showed that inhibition of calcineurin
activity by cyclosporin A impairs working memory, suggesting
that increased substrate phosphorylation has a negative influ-
ence on this process. Alternatively, while a moderate decrease in
calcineurin activity and increased substrate phosphorylation
may be necessary for working memory, further inhibition may be
detrimental. However, if an increase in substrate phosphoryla-
tion were necessary for working memory, then it would be ex-
pected that inhibition of kinase activity would also impair work-
ing memory, the opposite of which was seen in this study. One
caveat with the use of cyclosporin A in these experiments is that
it acts to inhibit calcinuerin through its interaction with cyclo-
philins. As cyclophilins have peptidyl prolyl cis-trans isomerase
activity and are involved in protein folding, the contribution of
this function of cyclophilins on targets other than calcineurin
cannot be excluded.

Although the working memory-related substrate(s) whose
phosphorylation changes as a result of working memory training
are not known at present, calcineurin has been reported to in-
crease neuronal activity through decreasing the phosphorylation
of potassium and calcium channels (Roeper et al. 1997; Day et al.
2002). A shift in the balance of phosphatase/kinase activity to-
ward substrate dephosphorylation (e.g., ion channels) may be
required for delay period activity. Furthermore, it has been re-
cently observed that the activity of individual entorhinal cortex
neurons can be maintained as a result of calcium influx and
modulation of calcium-sensitive cation channels (Egorov et al.
2002). However, it is not known if this modulation is due to a
direct effect of calcium, or via calcium-sensitive kinases and
phosphatases. Although our findings indicate that CaMKII and
PKC activities negatively influence working memory, whether
these kinases are involved in the termination of delay cell activity
and working memory remains to be investigated.

Taken together, these data suggest that alterations in the
balance of phosphatase and kinase activities as a result of patho-
logical conditions would disrupt working memory performance,
and that modulation of their activities in favor of substrate de-
phosphorylation would be beneficial. In support of this, we have
recently observed that traumatic brain injury-associated working
memory deficits can be relieved by the targeted infusion of a
CaMKII inhibitor into the PFC (P.K. Dash, unpubl.). Further ex-
perimentation will be needed to explore the substrates of these
enzymes that mediate the changes in prefrontal neuronal activity
states underlying working memory, and to determine if alter-
ations in these processes contribute to deficits in working
memory duration associated with disease and age-related
memory decline.
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Materials and Methods

Surgery

Male Sprague-Dawley rats were implanted under isofurane anes-
thesia with sterile stainless-steel guide cannulae aimed at the dor-
sal border of the prelimbic area using a stereotaxic device
(Bregma 3.2 mm, lateral +0.75, and depth —2.5 mm) as previ-
ously described (Runyan and Dash 2004). Animals were allowed
to recover from the surgery for 10 d prior to behavioral testing.
Animal protocols were approved by the Institutional Animal
Welfare Committee and were in compliance with National Insti-
tutes of Health Guide for Care and Use of Laboratory Animals.

Behavioral protocol

All behavior tests were performed by an investigator blind to the
treatment groups. Twenty-four hours before testing, animals
were given five training trials in a working memory version of the
Morris water maze task (delay match-to-place task) (Hamm et al.
1996; Steele and Morris 1999; Kline et al. 2002) in order to fa-
miliarize them with the task. Each testing session consisted of a
location trial, a 5-sec delay, and a match trial. Each location trial
was started from a random location with the hidden platform in
a novel position. Once the platform was found, the animal was
allowed to rest on it for 10 sec. The animal was then removed
from the hidden platform for a 5-sec delay period (and placed in
the holding area). Following the delay, the animal was placed
back into the water maze and allowed to search for the platform
(the match trial). If the animal failed to locate the platform
within 60 sec on any given trial, it was led there by the investi-
gator. After each testing session, the animal is given a 4-min
intertrial interval (iti) before the next testing session with a new
platform location. The influence of each drug on working
memory performance was assessed in four testing sessions. Swim-
ming speed was calculated by dividing the distance traveled by
the latency to reach the platform. Motivation and visual acuity
was assessed by using latency in a visible platform test.

Infusions

All drugs were dissolved in DMSO except for SCH-23390, which
was dissolved in saline. Stock solutions were diluted in saline
before use. Vehicle controls consisted of the same dilution of
DMSO in saline as their drug solution counterparts. Infusions
(0.25 pL/min for 2 min) were carried out 15 min prior to working
memory testing. Following infusion, the cannulae were left in
place for 2 min to allow for diffusion of the drug. Dosages of
inhibitors used here were based on previous in vivo studies, and
their specificities have been extensively characterized (Sibley et
al. 1982; Hyttel 1983; Liu et al. 1991; Sumi et al. 1991; Toullec et
al. 1991; Yule and Williams 1992).

Tissue preparations

Animals were trained and tested as described above. Either im-
mediately, or 20 sec or 90 sec following removal from the hidden
platform after the fourth location trial during the working
memory task, animals were decapitated and mPFC punches (~1
mm?®) were harvested. During brain removal ice-cold artificial
CSF was continuously poured onto the skull and brains. The
procedure of decapitation and removal of the brain required an
average of 10 sec. For the longer time-points, animals remained
in the holding area that was used in between the location and
match trials. Control tissue was obtained from animals yoked for
swimming time or from naive animals. mPFC tissue was homog-
enized with a motorized glass-Teflon homogenizer in a buffer
containing 10 mM Tris/HCI (pH 7.4), 1 mM EGTA, 1 mM EDTA,
0.5 mM DTT, 0.5 mM PMSEF, 10 ng/mL leupeptin. These samples
were stored at —80°C until needed. For Western blot analysis,
homogenates were centrifuged for 45 min at 20,0008, and the
pelletized material was resuspended in homogenization buffer by
sonication. The protein concentration in each sample was deter-
mined by a Bradford assay using BSA as the standard, and equal
amounts of protein were loaded on SDS-PAGE gels. Following
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transfer, the membrane (Immobilon P, Millipore) was cut below
the migration of Na*/K* ATPase. The immunoreactive bands for
Gg/11@ and G,a were normalized against those obtained for Na*/
K* ATPase from the same gel. Imnmunoreactivity was detected by
an alkaline phosphatase-based chemilumenescence system
(CDP-Star; New England Biolabs), with multiple exposures being
made to ensure the linearity of the product.

Calcineurin assay

Calcineurin activity was measured by using the Quantizyme As-
say System AK-804, as described by the vendor (Biomol, Inc.).
Standard curves were performed as outlined in the assay kit in
order to establish a linear range for the reactions. A 2-min reac-
tion using 4 pL (~0.2 pg/ pL) of homogenate was performed.

Protein kinase assays

CaMK activity was measured by using the synthetic peptide sub-
strate autocamtide-3 (KKALHRQETVDAL) (Moore et al. 1996).
Phosphorylation reactions were initiated by adding 4 pL (~0.2
pg/uLl) of protein to a 20 pL mixture, resulting in the following
final concentrations: 10 mM HEPES (pH 7.4), 0.5 mM DTT, 20
UM substrate peptide, 50 uM ATP, 2.5 mM EGTA, 5 mM MgCl,,
0.1 mM PMSF, 10 ug/ml leupeptin, and 2 uCi of [y**P]ATP (3000
Ci/mmole). After a 1-min incubation at 30°C, the reactions were
spotted (15 pL) on P-81 phosphocellulose filters. The filters were
washed three times, 10 min each, in 75 mM phosphoric acid,
rinsed with ethanol, and dried under air flow. Radioactivity on
the phosphorylated peptide substrate was quantified in a scintil-
lation counter by the Cerenkov method. Control reactions for
determination of background counts were prepared simulta-
neously by omitting the substrate peptide. Counts were normal-
ized by using protein concentrations determined by a Bradford
assay.

PKC activity was measured by using a specific substrate pep-
tide (AAAKIQASFRGHMAR) as described previously (Klann et al.
1993). The assay mixture consisted of 20 mM HEPES (pH 7.4),
10 mM MgCl,, 2 mM NaPPi, 0.1 mM PMSF, 100 uM ATP, 2 uCi
of [y*2P]ATP, and 20 uM substrate peptide. The reaction mixture
was incubated with 4 pL of protein extract for 2 min at 30°C. The
reactions were spotted on P81 paper and processed as described
above.

Immunohistochemistry

Tissue was isolated and post-fixed in ice-cold 4% paraformalde-
hyde/15% picric acid as described previously (Moore et al. 1996).
Immunohistochemistry was performed on free-floating 40 mi-
cron-thick slices by using 2 pg/mL of phosho-CaMKII (Thr?®¢)
antibodies (Cell Signaling, Inc.). Immunoreactivity was visual-
ized using a species-specific secondary antibody conjugated to
Alexa-568 fluorochrome (Molecular Probes). Double-label immu-
nohistochemistry was performed by using the phospho-CaMKII
(Thr?®%) antibody and an antibody against the neuronal marker
NeuN, or an antibody against the inhibitory neuronal marker
GAD67. NeuN or GAD67 (1 pg/mL) was visualized by using a
species-specific secondary antibody conjugated to Alexa-488
fluorochrome. Confocal microscopy (three sections/animal) was
utilized to quantify the cell types expressing phospho-CaMKII.

Data analysis

A two-way repeated-measures ANOVA was used for statistical
evaluation of differences in latency to the platform between ex-
perimental and control groups in location and match trials. In
addition, a one-way repeated-measures ANOVA was also used to
examine differences in immunoreactivity and enzymatic activity
between experimental conditions. A P < 0.05 was used as the cri-
terion for significance. Post-hoc examination was performed by
using the Tukey or Fisher tests, where appropriate.
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Note added in proof

During the review of this manuscript, a study by Birnbaum et al.
(2004) showed that overactivation of PKC as a result of stress
causes working memory dysfunction.
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