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Plasticity in dendritic spines may underlie learning and memory. Spinophilin, a protein enriched in dendritic
spines, has the properties of a scaffolding protein and is believed to regulate actin cytoskeletal dynamics
affecting dendritic spine morphology. It also binds protein phosphatase-1 (PP-1), an enzyme that regulates
dendritic spine physiology. In this study, we tested the role of spinophilin in conditioned taste aversion
learning (CTA) using transgenic spinophilin knockout mice. CTA is a form of associative learning in which an
animal rejects a food that has been paired previously with a toxic effect (e.g., a sucrose solution paired with a
malaise-inducing injection of lithium chloride). Acquisition and extinction of CTA was tested in spinophilin
knockout and wild-type mice using taste solutions (sucrose or sodium chloride) or flavors (Kool-Aid) paired
with moderate or high doses of LiCl (0.15 M, 20 or 40 mL/kg). When sucrose or NaCl solutions were paired
with a moderate dose of LiCl, spinophilin knockout mice were unable to learn a CTA. At the higher dose,
knockout mice acquired a CTA but extinguished more rapidly than wild-type mice. A more salient flavor
stimulus (taste plus odor) revealed similar CTA learning at both doses of LiCl in both knockouts and wild
types. Sensory processing in the knockouts appeared normal because knockout mice and wild-type mice
expressed identical unconditioned taste preferences in two-bottle tests, and identical lying-on-belly responses
to acute LiCl. We conclude that spinophilin is a candidate molecule required for normal CTA learning.

Dendritic spines, dynamic protrusions on the surface of
dendrites, have long been implicated in synaptic-based plasticity (for review, see Shepard 1996 ). Dendritic spines receive ∼90% of excitatory synaptic contacts (Gray 1959; Harris and Kater 1994) and are functional elements involved in
learning and memory (Fifkova and Van Harreveld 1977; Patel et al. 1988; Stewart et al. 1992; Andersen and Trommald
1995). Dendritic spines change shape and density in response to factors such as electrical stimulation (Fifkova and
Van Harreveld 1977; Fifkova and Anderson 1981), stress
(Coss and Perkel 1985), enriched environment (Globus et
al. 1973), hormonal fluctuations (Gould et al. 1990; Woolley
and McEwen 1992; Murphy and Segal 1996), and learning
(Horn et al. 1985; Lowndes and Stewart 1994; Moser et al.
1994). Additionally, dendritic spines provide biochemical
compartmentalization (by virtue of their shape and small
volume) for interaction between components of second
messenger systems and separation of responses to stimuli
(Koch and Zador 1993).
One molecule that could participate in functional plasticity in dendritic spines is the protein spinophilin (also

called neurabin II). Spinophilin, originally isolated as a protein phosphatase-1 (PP-1)-binding protein, is highly enriched in dendritic spines (Allen et al. 1997). The protein
contains one PDZ domain, a coiled–coil region, and an Factin-binding domain at its N-terminal region, indicative of a
scaffolding protein (Allen et al. 1997; Satoh et al. 1998).
Spinophilin may coordinate signaling events and the dynamics of spine restructuring by anchoring PP-1 close to a number of its substrates at the postsynaptic density (Allen et al.
1997), including AMPA- and NMDA-type glutamate receptors (Wang et al. 1994; Blank et al. 1997; Yan et al. 1999),
calcium/calmodulin dependent protein kinase II (Strack et
al. 1997a,b), protein kinase C (Keranen et al. 1995), and
actin itself (Malchiodi-Albedi et al. 1997; Hsieh-Wilson et al.
1999; Stephens and Banting 2000). PP-1 plays a functional
role in synaptic plasticity, because PP-1 is required for longterm depression (LTD), although not for long-term potentiation (LTP) (Mulkey et al. 1993, 1994; Blitzer et al. 1998).
Recently, spinophilin knockout mice have been developed that express some deficits relevant to synaptic plasticity (Feng et al. 2000). PP-1 regulation of glutamatergic
AMPA and NMDA channels was altered in the knockouts,
and hippocampal slices from the knockouts showed decreased LTD but normal LTP. Despite considerable biochemical and anatomical evidence consistent with spinophilin’s role in synaptic plasticity, there are little data on
its role in learning and memory in whole animals. We ex-
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amined the ability of the spinophilin knockout mice (Feng
et al. 2000) to learn conditioned taste aversions (CTA). CTA
is a form of associative learning in which an animal learns to
reject a food after the food has been paired with a malaiseinducing effect. CTA is a distinctive type of learning because: (1) it can be robustly acquired after a single tastetoxin pairing (Garcia et al. 1966; Garcia and Koelling 1967);
(2) it supports long delays between taste and toxin (e.g.,
intervals up to 12 h; Smith and Roll 1967); and (3) it is
exceptionally long-lasting (months to years) after a small
number of learning trials (Houpt et al. 1996). We assessed
spinophilin knockout mice in a series of CTA tests in which
novel palatable tastes or flavors were paired with toxic injections of lithium chloride (LiCl). To determine if sensory
processing was normal, knockout mice were also tested for
unconditioned taste preferences and behavioral sensitivity
to the toxic effects of LiCl.

RESULTS
Conditioned Taste Aversion
Two days after sucrose or salt solutions were paired with
LiCl (0.15 M, 20 mL/kg, i.p.), wild-type, but not spinophilin
knockout, mice expressed a significant taste aversion that
was extinguished by the next day (Fig. 1A). Two-way
ANOVA on LiCl postinjection intakes revealed a significant
interaction of genotype and test time (F[1,3] = 3.1, P
< 0.05). Wild-type mice had significantly lower intakes than
spinophilin knockout mice and NaCl-injected controls for
only the initial testing period (48 h following taste-toxin
pairing; P < 0.01). The intakes of spinophilin knockout
mice did not differ significantly from NaCl-injected controls
at any time point.
At 40 mL/kg LiCl, both spinophilin knockout and wildtype mice expressed a significant taste aversion (Fig. 1B).
CTA expression in wild-type mice extinguished slowly over
the course of four extinction tests, but CTA extinguished
more rapidly in knockout mice, returning to control levels
by the second postinjection trial. LiCl postinjection intakes
were affected significantly by genotype (P < 0.01) and test
time (P < 0.0001) but no significant interaction was found.
Beginning at 96 h after pairing, spinophilin knockout intakes were greater than intakes of wild-type mice (P
< 0.05).

Figure 1 Conditioned taste aversion at low and high doses of LiCl.
Taste solutions of 5% sucrose and 75 mM NaCl were offered for 30
min and mice were injected with either malaise-inducing LiCl or
NaCl as control (n = 6–10/group). Beginning 48 h after pairing,
CTA was tested in single bottle, 30 min intake tests at 24 h intervals. Arrows indicate time at which LiCl was injected (0.15 M, 20
mL/kg or 40 mL/kg, i.p.). Dashed lines represent average intakes of
NaCl-injected controls (knockout pooled with wild type). (A) CTA
after sucrose and saline paired with 20 mL/kg LiCl. Spinophilin
knockout mice (white bars) did not express CTA at all; wild-type
mice (black bars) express CTA 48 h postinjection, which is rapidly
extinguished after just 24 h. (B) CTA after sucrose and saline paired
with 40 mL/kg LiCl. Both spinophilin knockouts and wild types
express CTA at 48 h. CTA was extinguished rapidly in knockout
mice, returning to control levels 24 h later. Wild-type CTA extinguished more slowly, significantly differing from knockouts at 96 h
and 120 h. (*) P < 0.05 vs. wild type; (**) P < 0.01 vs. wild type; (†)
P < 0.05 vs. NaCl-injected controls; (††) P < 0.01 vs. NaCl-injected
controls.

but no interaction between genotype and test time together
was found; spinophilin knockout intakes were significantly
lower at 120 h postinjection only (P < 0.05).
Similarly, both wild-type mice and knockout mice expressed CFA after pairing saccharin–Kool-Aid solutions with
40 mL/kg LiCl (Fig. 2B). Mean intakes of spinophilin knockout mice after LiCl injection were higher than intakes of
wild-type mice, but intakes for both genotypes did not significantly differ from one another at any time point. Twoway ANOVA revealed a significant drug effect (KO:
F[1,3] = 16.8, P < 0.0001; WT: F[1,3] = 10.5, P < 0.01) but
no interaction between drug and test time was found.

Conditioned Flavor Aversion
When a complex flavor stimulus (saccharin in grape or
cherry Kool-Aid) was paired with a 20 mL/kg LiCl injection
(Fig. 2A), both spinophilin knockout and wild-type mice
expressed conditioned flavor aversions (CFAs) that were
rapidly extinguished. Both genotypes had significantly
lower intakes than NaCl-injected controls at 48 h postinjection only (P < 0.01). LiCl postinjection intakes were affected significantly by test time (F[1,3] = 10.0, P < 0.0001)
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of drug on latency to “lying-on-belly” (LOB) was seen (P
< 0.001). Mice injected with LiCl display LOB after 10 min,
whereas NaCl-injected mice rarely, if ever, display LOB.

DISCUSSION
We have found that spinophilin is necessary for normal CTA
learning. Spinophilin knockout mice had intact sensory processing but a significant impairment in their associative
learning ability compared to wild-type littermates. Using
both a low and high dose of LiCl allowed us to discern the
level of impairment in knockout CTA learning. At the low
dose (20 mL/kg LiCl), knockout mice did not express CTA.
However, knockouts expressed CTA when given a higher
dose of LiCl (40 mL/kg), although the CTA was more labile
and extinguished more rapidly in knockout mice than in
wild-type mice. When a more salient flavor stimulus was
paired with LiCl, the spinophilin knockouts showed similar
aversion learning to the wild-types at both doses. This suggests that CTA learning was not impossible for spinophilin
knockout mice, but was significantly compromised.
This is the first observation that spinophilin plays a role
in learning in vivo. Spinophilin does not appear to be essential for some CTA learning to take place, however. Increasing the dose of LiCl or the salience of the taste or flavor
paired with LiCl allowed the mice to learn.
Spinophilin is known to bind both PP-1 and F-actin,

Figure 2 Conditioned flavor aversion at low and high doses of
LiCl. Taste solutions of grape Kool-Aid and cherry Kool-Aid, sweetened with 0.2% saccharin, were offered for 30 min and mice were
injected with either malaise-inducing LiCl or NaCl as control
(n = 6–10/group). Beginning 48 h after pairing, CFA was tested in
single bottle, 30 min intake tests at 24 h intervals. Arrows indicate
time at which LiCl was injected (0.15 M, 20 mL/kg or 40 mL/kg,
i.p.). Dashed lines represent average intakes of NaCl-injected controls (knockout together with wild type). (A) CFA after pairing grape
and cherry Kool-Aid with 20 mL/kg LiCl. Both spinophilin knockout mice (white bars) and wild-type mice (black bars) express CFA
at 48 h, which is rapidly extinguished. Knockouts had significantly
lower intakes at 120 h when compared to wild type intakes. (B)
CFA after pairing grape and cherry Kool-Aid with 40 mL/kg LiCl.
There was a significant overall effect of drug, but not of test time.
(*) P < 0.05 vs. wild type; (†) P < 0.05 vs. NaCl-injected controls;
(††) P < 0.01 vs. NaCl-injected controls.

bitter, and acidic) were compared against intakes of water
in two-bottle unconditioned taste preference tests (Fig. 3).
Spinophilin knockout mice and wild-type mice showed normal taste preferences, with no effect of genotype for any
test. Both genotypes preferred the 5% sucrose to water
(F[1,20] = 26.4, P < 0.0001 ; Fig. 3A), preferred water to 75
mM NaCl (F[1,20] = 23.4, P = 0.0001; Fig. 3B), and avoided
30 µM quinine sulfate (F[1,22] = 127, P < 0.0001; Fig. 3 C)
and 0.01 M HCl solutions (F[1,22] = 127, P < 0.0001; Fig.
3D).

Figure 3 Unconditioned taste preference. Intakes for four taste
solutions were compared against intakes for water (n = 5–6/group)
during 48 h two-bottle tests. Spinophilin knockout mice (white
bars) and wild-type mice (black bars) intakes were not significantly
different from one another for any two-bottle test. Both genotypes
showed a strong preference for 5% sucrose (A), preferred water
slightly >75 mM NaCl (B), and avoided both 30 µM quinine sulfate
(C) and 0.01 M HCl (D). (††) P < 0.01 vs. water.

LiCl Toxicity
Knockout and wild-type mice showed identical unconditioned responses to the toxic effect of LiCl injection (Fig. 4).
At 20 mL/kg and 40 mL/kg LiCl or NaCl, a significant effect
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was altered in the knockouts: rundown of AMPA currents
was decreased, and enhancement of NMDA currents by
PP-1 inhibitors was attenuated. Further investigation revealed decreased LTD but normal LTP in hippocampal slices
from spinophilin knockouts, consistent with earlier studies
demonstrating that PP-1 is required for LTD but not LTP
(Mulkey et al. 1993, 1994; Blitzer et al. 1998). Spinophilin
knockout mice also show resistance to kainate-induced seizures and apoptosis, suggesting abnormal glutamatergic receptor function. These physiological decrements are analogous to our behavioral results showing that in spinophilin
knockout mice, CTA learning was attenuated rather than
completely blocked.
The functions of PP-1 substrates at the PSD could be
altered in the spinophilin knockout mice. Calcium/
calmodulin dependent protein kinase II (CaMK-II), through
phosphorylation, regulates neurotransmission and cell morphology (Braun and Schulman 1995) and is enriched at the
PSD (Kelly et al. 1984). CaMK-II may no longer be dephosphorylated effectively by PP-1 in the spinophilin knockouts.
Previous studies have shown that PP-1 down-regulates
NMDA and AMPA-type glutamate receptors (Wang et al.
1994; Yan et al. 1999). Glutamate receptors have been implicated in LTP, a physiological plasticity believed to be
related to whole animal learning (Wang et al. 1994; Blank et
al. 1997; Yan et al. 1999).
NMDA receptors have been implicated as necessary for
CTA learning in the gustatory area of insular cortex (Rosenblum et al. 1997). During CTA training, blockade of NMDA
receptors by the antagonist APV impaired CTA memory.
NMDA receptor inhibition by PP-1 in the absence of spinophilin is greatly attenuated, suggesting that PP-1 can no
longer properly regulate these channels (Feng et al. 2000).
Improper NMDA receptor functioning could compromise
taste learning. Our findings support this notion; although
PP-1 can still presumably dephosphorylate NMDA receptors
in the spinophilin knockouts, it can no longer do so optimally.
Spinophilin is expressed widely throughout the rodent
brain. Using immunohistochemistry, spinophilin was reported to be mostly highly expressed in the hippocampus,
with less dense expression in the cerebral cortex, striatum,
and thalamus (Allen et al. 1997). Further studies to verify
the subcellular localization of spinophilin to spines in brain
regions mediating CTA (e.g., nucleus of the solitary tract in
brainstem, parabrachial nucleus in pons, gustatory cortex,
and central nucleus of the amygdala in the limbic system)
versus CFA should be undertaken. Given the findings of this
study, possible functional deficiencies in neuronal activity
within brain circuits in spinophilin knockout mice could
also be explored. For example, expression of the immediate
early gene c-Fos is required for encoding CTA learning
(Lamprecht and Dudai 1996; Swank et al. 1996). c-Fos activation might be compromised during taste learning in the
knockouts.

Figure 4 LiCl toxicity test. Knockout mice and wild-type mice
were injected with either LiCl or NaCl, and latency to lying on
belly (LOB) was recorded for 20 min (n = 12 at 0 mL/kg, n = 6 at 20
mL/kg and 40 mL/kg LiCl). Mice that did not LOB within 20 min
were assigned a latency of 20 min. Knockout (white bars) and
wild-type mice (black bars) showed the same reaction to LiCl toxicity. Both genotypes receiving LiCl-injections differed significantly
from NaCl-injected controls. (††) P < 0.01 vs. NaCl-injected controls.

suggesting its involvement in regulating neurotransmitter
receptors and ion channels, as well as mediating dendritic
spine plasticity via the actin cytoskeleton (Allen et al. 1997;
Malchiodi-Albedi et al. 1997; Satoh et al. 1998; Hsieh-Wilson
et al. 1999; Stephens and Banting 2000). We have found an
additional role for spinophilin as a candidate molecule involved in the neural mechanism underlying CTA learning.
Knockout mice showed impaired CTA learning when
simple taste solutions were paired with LiCl but intact CTA
learning when conditioned stimuli had both taste and odor
components. This suggests that the learning deficiency
most likely does not involve olfactory processing but instead, seems to involve taste processing or higher-order associative processing.
CTA acquisition and retention has been linked previously to several neural substrates: nucleus of the solitary
tract in brainstem, parabrachial nucleus in pons, gustatory
cortex, and central nucleus of the amygdala in the limbic
system, but not hippocampus (Braun et al. 1972; Flynn et al.
1991; Houpt et al. 1994; Yamamoto et al. 1994; Schafe et al.
1998). Thus, we have found an effective behavioral paradigm that will help elucidate additional functions of spinophilin outside of hippocampal-dependent learning and
memory paradigms such as spatial learning in water maze
tasks (Morris et al. 1982).
Despite the lack of spinophilin in the knockouts, PP-1
remains highly enriched in dendritic spines (C. Ouimet, J.
Feng, and P. Greengard, unpubl.). However, PP-1’s efficacy
may be attenuated because it is no longer anchored at an
optimal position near its preferred substrates at the postsynaptic density (PSD) in dendritic spines. Many of the alterations seen in spinophilin knockouts are consistent with
decreased efficacy of PP-1-regulated dephosphorylation
(Feng et al. 2000). PP-1 regulation of glutamatergic channels
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As in many transgenic knockout studies, it is unknown
if the learning deficit found in spinophilin knockouts is
caused by a developmental deficiency or to an acute lack of
spinophilin at the time of acquisition or expression of learning. Thus, it would be interesting to develop inducible spinophilin repressor mice that are functionally dependent on
a specific ligand to control for the onset of the spinophilin
deficit, enabling the researcher to repress the gene of interest at critical stages of learning and recall. This would allow
for more detailed studies to confirm a role for spinophilin in
a model of behavioral learning and memory.

tatory and olfactory stimuli. Mice were placed on a water deprivation schedule that restricted access to water overnight for at least
one week, with water returned each morning for 6–8 h (n = 6–10
for each LiCl dose). On the conditioning day, grape Kool-Aid sweetened with 0.2% saccharin was available for 30 min. At the end of
the 30 min access to grape Kool-Aid, mice were injected with LiCl
or NaCl at one of two doses (0.15 M; 20mL/kg or 40 mL/kg).
Drinking water was returned after the injection for 6–8 h. The
deprivation schedule resumed until 48 h postpairing when mice
were given grape Kool-Aid for 30 min and then water for the remainder of the day. Grape Kool-Aid consumption during 30 min
access after overnight water deprivation was measured daily for
4–5 consecutive testing days. After another week of nightly water
deprivation, mice were given access to cherry Kool-Aid sweetened
with 0.2% saccharin for 30 min. At the end of the 30 min access to
cherry Kool-Aid, mice injected with LiCl in the preceding week
received NaCl and mice injected with NaCl received LiCl (0.15 M,
20 mL/kg or 40 mL/kg, i.p.). Drinking water was returned after the
injection for 6–8 h. The deprivation schedule resumed until 48 h
postpairing when mice were given cherry Kool-Aid for 30 min and
then water for the remainder of the day. Cherry Kool-Aid consumption during 30 min access after overnight water deprivation was
measured daily for 4–5 consecutive testing days. Intakes of grape
and cherry Kool-Aid were pooled at each dose of LiCl or NaCl.

MATERIALS AND METHODS
Animals
Adult male C57BL6 × 129/Sv spinophilin knockout mice (−/−) and
wild-type littermates (+/+) (4–6 mo old) were generated at the
Rockefeller University as described previously (Feng et al. 2000).
There was a significant difference in body weight between knockout (30±2.5g) and wild-type mice (35±2.2 g; P < 0.01). All mice
were caged individually and kept on a 12:12 light-dark cycle at 22°C
with food and water available ad libitum unless noted otherwise.
Experiments were conducted during the light phase of the cycle.

Unconditioned Taste Preferences

Conditioned Taste Aversion

The ability of knockout mice to discriminate basic taste qualities
was tested using two-bottle, 48 h intake tests. Mice were housed in
cages with access to two drinking tubes. Mice were given one
empty tube and one tube containing water. Every 24 h the tubes
were switched to train the mice to drink from either tube position.
After one week, mice were given one tube that contained one of
four taste solutions (5% sucrose, 75 mM NaCl, 30 µM quinine sulfate, or 0.01 M HCl), and the other contained water. Tube position
was switched after 24 h, and intake was recorded again at the end
of 48 h. All mice were tested with all four taste solutions (n = 5–6
for each taste solution).

To test the ability of spinophilin knockout mice to form taste aversions, knockouts and wild-type littermates were conditioned
against sucrose or NaCl paired with high and low doses of LiCl.
Mice were placed on a water deprivation schedule that restricted
access to water overnight for at least one week, with water returned each morning for 6–8 h (n = 6–10 for each LiCl dose). On
the conditioning day, a 5% sucrose solution was available for 30
min. Drinking tubes were weighed before and after test periods to
measure fluid intake. At the end of the 30 min access to sucrose,
mice were injected with LiCl or NaCl at one of two doses (0.15 M;
20mL/kg or 40 mL/kg). In a preliminary experiment, the doses 20
mL/kg and 40 mL/kg were found to give a submaximal and maximal
CTA in wild-type C57BL6/J mice, respectively (data not shown).
Drinking water was returned after the injection for 6–8 h. The
deprivation schedule resumed until 48 h postpairing when mice
were given 5% sucrose for 30 min and then water for the remainder
of the day. Sucrose consumption during 30 min access after overnight water deprivation was measured daily for 4–5 consecutive
testing days. After another week of nightly water deprivation, mice
were given access to a 75 mM NaCl solution for 30 min. At the end
of the 30 min access to the NaCl solution, mice injected with LiCl
in the preceding week received NaCl and mice injected with NaCl
received LiCl (0.15 M, 20 mL/kg or 40 mL/kg, i.p.). Drinking water
was returned after the injection for 6–8 h. The deprivation schedule resumed until 48 h postpairing when mice were given 75 mM
NaCl for 30 min and then water for the remainder of the day. NaCl
consumption during 30 min access after overnight water deprivation was measured daily for 4–5 consecutive testing days. Because
no significant difference was found in intakes between taste solutions, the results from sucrose and NaCl conditioning at each LiCl
dose were pooled.

LiCl Toxicity
To test knockout and wild type response to LiCl toxicity, mice
were injected with LiCl or NaCl (0.15 M, 20 mL/kg or 40 mL/kg,
i.p., n = 6 at each dose). Two observers scored behavior for 20 min
and recorded latency to the LOB response. LOB was characterized
by periods of immobility, lack of grooming, and a flattened,
stretched out posture (Parker et al. 1984; Meachum and Bernstein
1990). Mice not observed in the LOB position at any time during
the testing period received a latency score of 20 min. Each mouse
was observed after one LiCl injection and one NaCl injection, at
each dose, with at least three days between test injections.

Statistics
Postinjection intakes during extinction trials were analyzed using
two-way ANOVA and Fisher’ LSD for posthoc comparisons. To detect differences between wild-type and knockout mice that received solutions paired with LiCl injection, intakes after LiCl injection were analyzed using genotype and test time as factors. To
detect differences between LiCl-injected mice and NaCl-injected
control mice, intakes after injection were analyzed separately for
knockout mice or wild-type mice, with drug and test time as factors.

Conditioned Flavor Aversion
CFA was also studied using Kool-Aid solutions that combined gus-
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