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Kv1.3 Channel Gene-Targeted Deletion Produces
“Super-Smeller Mice” with Altered Glomeruli,
Interacting Scaffolding Proteins, and Biophysics
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a higher level of complexity, their effects on channel6 Departments of Pharmacology and Cellular
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duced by unilateral naris-occlusion, by food restriction,Yale University School of Medicine
New Haven, Connecticut 06520 by the duration of kinase activation, and by the repetoire

of adaptor proteins expressed in a given olfactory bulb
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Because of this complex convergence of modulation
at a single channel protein and the marked state depen-Mice with gene-targeted deletion of the Kv1.3 channel
dency of its modulation, we have examined mice withwere generated to study its role in olfactory function.
gene-targeted deletion of the Kv1.3 channel (Kv1.3�/�)Potassium currents in olfactory bulb mitral cells from
to understand its contribution to olfactory function. Ol-Kv1.3 null mice have slow inactivation kinetics, a modi-
factory neurons from Kv1.3 null mice have modified ac-fied voltage dependence, and a dampened C-type in-
tion potentials and altered potassium currents that fail toactivation and fail to be modulated by activators of
be modulated by activators of receptor tyrosine kinases,receptor tyrosine signaling cascades. Kv1.3 deletion
insulin and brain-derived neurotrophic factor (BDNF).increases expression of scaffolding proteins that nor-
Deletion of the Kv1.3 channel also increases the expres-mally regulate the channel through protein-protein in-
sion of its modulatory and interacting proteins of tyro-teractions. Kv1.3�/� mice have a 1,000- to 10,000-fold
sine kinase signaling cascades. Moreover, the micelower threshold for detection of odors and an in-
have a heightened sense of smell. Image analysis of thecreased ability to discriminate between odorants. In
OB indicates that the glomeruli, the olfactory codingaccordance with this heightened sense of smell,
units of the bulb, are smaller and more numerous inKv1.3�/� mice have glomeruli or olfactory coding units
Kv1.3�/� mice than in wild-type animals (�/�). Thus thethat are smaller and more numerous than those of
Kv1.3 ion channel may regulate the kinetics and timingwild-type mice. These data suggest that Kv1.3 plays
of neuronal responses to repetitive stimulation, and itsa far more reaching role in signal transduction, devel-
absence changes the structure of OB glomeruli andopment, and olfactory coding than that of the classi-
modifies the capacity to detect odorant molecules.cally defined role of a potassium channel—to shape

excitability by influencing membrane potential.
Results

Introduction
Electrophysiological Analysis of OBN
Current in Kv1.3 Null MiceModulation of voltage-dependent potassium ion chan-
Kv1.3 null (�/�) mice were generated previously by de-nels (Kv channels) via tyrosine phosphorylation can dra-
leting a large promoter region and the N-terminal thirdmatically alter neuronal excitability by modifying the bio-
of the Kv1.3 coding sequence (Xu et al., 2003; Koni etphysical properties of the channel, its trafficking to
al., 2003). To characterize the effect of Kv1.3 deletionsubcellular locations, and its level of expression, as well
on the electrical properties of olfactory neurons, cul-
tured OB mitral cells were first voltage clamped in the
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whole-cell configuration at �90 mV and stepped in 5 mV7 Present address: Institute of Molecular Medicine and Genetics,
depolarizing increments to �40 mV. With our definedDepartment of Medicine, Medical College of Georgia, Augusta,

Georgia 30912. patch-recording solutions, Kv1.3 carries 60%–80% of
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Figure 1. Whole-Cell Voltage-Clamp Currents in Mitral Cells of the Olfactory Bulb from Wild-Type and Kv1.3 Null Mice

(A) Representative records from a mitral cell voltage clamped in the whole-cell configuration taken from olfactory bulb neurons (OBNs) cultured
from wild-type or Kv1.3 null mice (Kv1.3�/�). Neurons were held at �90 mV (Vh) and stepped in 5 mV increments (Vc) to a final potential of �40
mV. The duration of pulses was 1000 ms with a 45 s interpulse interval to prevent cumulative inactivation of the Kv1.3 channel. Both recordings
are from mitral cells that were 5 days in vitro (DIV5).
(B) Peak current magnitude from neurons that were held at �90 mV (Vh) and stepped to a single depolarizing potential of �40 mV (Vc) is
plotted against days in vitro (DIV). Duration and interpulse interval of the voltage paradigm was the same as in (A). �, wild-type; �, Kv1.3 null
mice. Mean � SEM with sample size (n) as noted.
(C) Same as in (B) but for the kinetics of inactivation (�) plotted against DIV.
(D) Normalized current-voltage relation for a representative family of currents evoked by stimulating a wild-type and Kv1.3 null neuron with
the paradigm in (A). I, current in pA; Imax, maximal current at �40 mV. Both recordings are from mitral cells that were DIV 5 and are representative
of twelve such plots of each genotype.

the outward current as determined pharmacologically be expected to leave a more rapidly inactivating compo-
nent of A-type current that has been attributed to theby margatoxin sensitivity in rat or mouse OBNs (Fadool

and Levitan, 1998; Colley et al., 2004). Pharmacological Kv1.4 subunit (Fadool and Levitan, 1998). In contrast,
however, we found that the mitral cell inactivation timeelimination of this component of outward current would
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Figure 2. Cumulative Inactivation Kinetics, Evoked Activity, and Action Potential Shape Are Altered in Olfactory Bulb Neurons of Kv1.3 Null Mice

(A) Human embryonic kidney (HEK293) cells were transiently transfected with Kv1.3 cDNA and recorded in the cell-attached configuration
after 48 hr. Representative macroscopic currents for a patch held (Vh) at �90 mV and stepped twelve times to a single depolarizing step (Vc)
of �40 mV with an interpulse interval of 60 s (left) or 2 s (right).
(B) Plot of the normalized current magnitude measured at the Nth pulse number over that of the initial pulse (In/Ii) for the protocol described
above. Interpulse intervals noted at the right of each plot.
(C) Same as (A) and (B) but for normalized whole-cell currents recorded from native mitral cells cultured from wild-type (Wild-type; left) or
Kv1.3 null mice (Kv1.3�/�; right). DIV 5. Sample size � 6–8; mean � SEM.
(D) (Top) Representative current-clamp recordings from mitral cells cultured from wild-type (�/�; left) or Kv1.3 null mice (�/�; right). Neurons
were injected with a depolarizing current step (0.02 nA, 200 ms) to evoke a train of action potentials in these cells. Membrane potential was
held at the voltage indicated above each trace. (Inset) Same neuron injected with a current step of 1000 ms duration. (Bottom) Enlarged scale
for the first action potential evoked in the trains above. Same notation as in top portion (D). DIV 9.
(E and F) Action potential firing frequency (E) and interpulse interval (F) were compared between neurons from wild-type (�) and Kv1.3 null
mice (�) using the first overshooting action potential of a train of action potentials as recorded in (D). DIV 9–10. Sample size � 28–30 neurons
per genotype; mean � SEM.
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Figure 3. Kv1.3 Sensitivity to the Scorpion Toxin, Margatoxin, and a Nonselective Chloride Channel, NPPB

(A) Representative whole-cell currents from mitral cells of wild-type and Kv1.3 null mice that were stepped to a single depolarizing voltage
of �40 (Vc) mV from a holding potential (Vh) �90 mV in 1 min interpulse intervals. Control, time 0; MgTx, 20 min post bath application of 50
pM MgTx.
(B) Normalized current magnitude plotted against time, demonstrating the expected slow on-rate of channel block. MgTx was applied at the
arrow. DIV 4.
(C) Same voltage protocol as in Figure 1. Control, time 0; NPPB, 20 min post bath application of 100 �M NPPB. DIV 6.
(D) Same as in (C) but for Kv1.3 null mice.
(E) Summary histograms of the normalized current magnitude for vehicle treated (bath saline or 0.1% EtOH in bath saline) versus toxin treated
cells for MgTx (left) and NPPB (right). Mitral cells from wild-type (�) or Kv1.3 null (�) mice were held (Vh) at �90 mV and stepped to a single
depolarizing voltage of �40 mV (Vc) with 1 min interpulse intervals. DIV 4–6. Mean � SEM; sample sizes as indicated; *, significantly different,
� � 0.05, paired t test. Dashed line, no change in current magnitude upon application of either vehicle (Control) or toxin (MgTx, NPPB) for
20 min.

constant (�Inact) was greatly slowed in Kv1.3 null mice voltage dependence of activation. The threshold for acti-
vation of the outward, whole-cell current in mitral cellsrelative to that in wild-type animals (Figure 1A). Mitral

cells from Kv1.3 wild-type mice had a steady �Inact of from Kv1.3 null mice is shifted by approximately �20
mV in the positive direction (Figure 1D).100–150 ms independent of days in vitro (DIV), in con-

trast to those from Kv1.3 null mice, in which �Inact in-
creased progressively over DIV to reach over 400 ms Cumulative Inactivation Is Altered

in the OBNs of Kv1.3 Null Miceby DIV 5 (Figure 1C). Although both genotypes ex-
pressed the same outward current magnitude when ini- One of the characteristics of Kv1.3 channels is that their

rate of exit from the inactivated state is extremely slow,tially placed into primary cell culture, by DIV 4–5 the null
mice failed to express currents greater than about 1200 a property that contributes to cumulative inactivation

when the channel is depolarized repetitively (Marom andpA, whereas their time-matched wild-type controls
reached between 1600 and 2200 pA (Figure 1B). Inde- Levitan, 1994). Thus, a repeated interpulse interval

shorter than 30 s causes a build-up of channels in thependent of DIV, Kv1.3 null mice also have an altered
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Figure 4. Kv1.3 Null Mice Are Insensitive to Known Receptor Tyrosine Kinase Modulators of the Channel

(A) Normalized whole-cell current magnitude is plotted against time for a representative mitral cell held at �90 mV (Vh) and stepped either to
a single depolarizing potential of �40 mV (Vc) or stimulated with the voltage protocol in Figure 1. Fifty nanogram of BDNF was bath applied
at time 3 min (arrow). �, wild-type; �, Kv1.3 null mice. Representative recordings demonstrating the time course of current suppression in
wild-type neurons by BDNF is shown below. Voltage protocol as in Figure 1; BDNF application at time 3 min. DIV 5.
(B) Same as in (A) but for bath application of 1 �g/ml insulin at time 5 min. Representative recordings demonstrating two time points, before
and after current suppression, in wild-type and Kv1.3 null neurons, are shown below. Control, time 0; Insulin, 20 min after bath application.
DIV 4.
(C) Summary histogram for BDNF-treated neurons as described in (A). Mitral cells from wild-type (�) or Kv1.3 null (�) mice were held (Vh) at
�90 mV and stepped to a single depolarizing voltage of �40 mV (Vc) in 1 min interpulse intervals. Mean � SEM; sample sizes as indicated;
*, significantly different, � � 0.05, paired t test. Dashed line, no change in current magnitude upon application of either vehicle (Control) or
tyrosine kinase (BDNF) for 20 min. DIV 4–5.
(D) Same as in (C) but for insulin.

inactivated state and results in progressive reduction of may expect that wild-type mitral cells would demon-
strate an intermediate perturbation in the degree of cu-the macroscopic outward current. Figures 2A and 2B

demonstrate this property for human embryonic kidney mulative inactivation of Kv1.3 current. Using the same
voltage protocol and analysis described above, this iscells (HEK293 cells) transiently transfected with Kv1.3

cDNA. The patch was held at �90 mV and stepped 12 indeed what was observed for the wild-type neurons
(Figure 2C). In mitral cells from the Kv1.3 null animals,times to �40 mV for 1 s with interpulse intervals from

60 to 1 s. Figure 2A is a representative recording with however, no cumulative inactivation was observed until
the interpulse interval was shortened to as little asa 60 s interpulse interval (left) or a 2 s interpulse interval

(right), and Figure 2B is a plot of the degree of inactiva- 1–2 s, and even then, 90% of the channels were available
for restimulation to the open state.tion at different intervals for this cell. We have previously

demonstrated that Src kinase disrupts this cumulative
inactivation, which can be partially restored by the Grb Action Potentials Are Altered in the OBNs

of Kv1.3 Null Micebut not the Shc adaptor molecule (Cook and Fadool,
2002). Because both Src and the adaptor protein Grb The membrane excitability of 58 mitral cells (30 wild-

type, 28 Kv1.3 null) was investigated by injecting super-are expressed in the wild-type OB (see Figure 7B), we
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Table 1. Comparison of Whole-Animal Physiological Properties in Wild-Type and Kv1.3 Null Mice as Monitored in Metabolic Chambers for
8 Days

Property Wild-Type Mice (n � 10) Kv1.3 Null Mice (n � 10)

Body weight (g) 27.3 � 0.7 *24.4 � 0.6
Caloric intake (kcal) 17.2 � 1.8 15.9 � 2.0
Number of food events

12 hr dark 168 � 32 *293 � 47
10 hr light 63 � 14 118 � 30

Water intake (g) 6.5 � 0.4 5.6 � 0.3
Number of licks

12 hr dark 3597 � 246 *2123 � 176
10 hr light 938 � 144 *505 � 92

Normalized VO2 (ml/min/kg0.75)
12 hr dark 31.5 � 1.0 33.5 � 0.8 (37.1; first 12 hr)
10 hr light 25.3 � 0.8 26.5 � 0.7

Locomotor activity (m)
12 hr dark 285 � 47 *468 � 98
10 hr light 81 � 11 134 � 24

Values are means � SEM. Body weight and caloric and water intakes were measured daily during a 2 hr maintenance period just before lights
off. All other measures were derived from continuous data collection over 8 days accumulated in 30 s intervals and separated into 12 hr dark
and 10 hr light period means. *, Significantly different by Student’s t test, � � 0.05.

threshold current pulses while holding the neurons near nitude over the course of the testing period (Figure 3E).
These data indicate that, as expected, loss of the Kv1.3or below the resting potential. Only neurons with resting

potentials of at least �50 mV were considered in the channel renders neurons insensitive to a specific Kv1.3
channel blocker.analysis. The resting potential of the mitral cells from

Kv1.3 null mice (�55.5 � 1.0 mv) was slightly more In a recent study of T lymphocytes derived from Kv1.3-
deficient mice, an upregulation of a Cl� conductancedepolarized than that from wild-type mice (�57.9 � 1.3

mv; � � 0.05, Student’s t test). Wild-type neurons typi- was found to compensate for the lack of Kv1.3 current,
potentially underlying a stabilization of the resting po-cally responded to intracellular current injection by re-

petitive firing of action potentials (Figure 2D) that was tential (Koni et al., 2003). Although we did not observe
an increase in protein expression for either the ClC2 orvariable in interspike interval (Figure 2D, inset; Figure

2F). Neurons from Kv1.3 null mice fired a leading action ClC3 chloride channels in the OB (see below), we also
tested this possibility for mitral cells using the non selec-potential of lower amplitude than that of wild-type mice,

followed by action potentials of decreasing amplitude tive Cl channel blocker NPPB. A 20 min application of
NPPB produced a small suppression of mitral cell peakat a regular and higher frequency than wild-type (Figures

2E and 2F). A comparison of action potentials across current in both wild-type and Kv1.3 null mice, potentially
demonstrating an equal contribution of Cl conductancethe two genotypes demonstrates that those in Kv1.3

null neurons have a lower height (97.6 � 1.9 mV �/� in both genotypes (Figures 3C and 3D). However, the
vehicle alone (EtOH) also produced a small suppressionversus 63.8 � 5.2 mV �/�), faster 10%–90% rise time

(21.6 � 0.8 ms �/� versus 11.5 � 1.5 ms �/�), greater of current. Thus, although the response to NPPB was
similar for both genotypes, it was not robust or statisti-width at 50% amplitude (3.4 � 0.1 ms �/� versus 9 �

1.4 ms �/�), longer duration (5.8 � 0.2 ms �/� versus cally significant (Figure 3F).
7.0 � 0.6 ms �/�), and lower peak amplitude (31.0 �
1.3 mV �/� versus 2.8 � 4 mV �/�).

Responses to Insulin and BDNF Are Eliminated
in the OBNs of Kv1.3 Null MiceMargatoxin-Sensitive Current Is Eliminated

in the OBNs of Kv1.3 Null Mice The Kv1.3 null mice additionally provided an opportunity
to test the selectivity of receptor tyrosine kinase modula-Margatoxin (MgTx) is believed to be a specific blocker

of the Kv1.3 channel. To test for sensitivity to this agent, tion of Kv current in native neurons for the Kv1.3 Shaker
channel over other family members also expressed inmitral cells from wild-type and Kv1.3 null mice were

stepped to �40 (Vc) from a holding potential (Vh) of �90 the same neurons. We hypothesized that if previously
reported current suppression of mitral cells by activationmV at 1 min interpulse intervals (Figure 3). At the fifth

voltage step, MgTx was applied to the bath (Figure 3B). of insulin and TrkB tyrosine kinases (Fadool et al., 2000;
Tucker and Fadool, 2002) is selective for only Kv1.3Peak current magnitude prior to toxin application (time

5) was compared with that 20 min post toxin treatment (and not Kv1.4, Kv1.5), then application of the hormones
insulin or BDNF would not affect current magnitude in(time 25) using a within-cell comparison (Figure 3A).

MgTx significantly suppressed mitral cell current in wild- Kv1.3 null mice. Twenty minutes of bath application of
either insulin or BDNF significantly suppressed abouttype animals but did not affect that from Kv1.3 null mice

(paired t test, � � 0.05, n � 4–8). As a control for patch 30%–40% of the outward current in wild-type animals
and had no effect on peak current magnitude of mitralstability over time, cells were also treated with vehicle

control (bath saline in the case of MgTx) to ascertain cells from Kv1.3 null mice (Figures 4A–4D; paired t test,
� � 0.05, n � 5–9).that there was no significant decay in peak current mag-
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Figure 5. Olfactory Discrimination Is Accessed in Behavioral Tests for Retrieval and Habituation

(A) Histogram plot of the retrieval time in seconds for naive wild-type and Kv1.3 null mice to uncover a hidden food item (peanut butter cracker)
or similarly sized item without associated odor (marble). �, wild-type mice; �, Kv1.3�/�. Plotted are mean � SEM, sample sizes (n) as indicated,
with statistical significance defined at the 95% confidence level (*), Student’s t test.
(B) Plot of the normalized exploratory time versus odor trial number for animals habituated to the first odorant in an odor pair by repeated
presentation of the odor at 1 min intervals (see Experimental Procedures). On the eighth trial, the novel, second odorant of the pair is presented
to test for discrimination following habituation to the first odorant of the pair. Plotted is a representative trial between a wild-type (�) and
Kv1.3�/� (�) mouse. Inset shows an expanded lower time scale to provide better resolution of the onset rate of odor habituation. Kv1.3�/�

mice habituated slightly more rapidly than that of wild-type mice; however, the magnitude of habituation was not different. Pep, peppermint
extract (1:100); Food, ground rodent chow extract (see Experimental Procedures).
(C) Histogram plot of the exploratory time following odor habituation (Odor 1) over time spent upon presentation to the novel odor (Odor 2).
A ratio value of 1.0 indicates failure to detect the novel odor as different than the habituated odor (zero discrimination). Plotted are mean �

SEM, sample sizes (n) as indicated, with statistical significance defined at the 95% confidence level (*), Student’s t test with arc-sin transformation
for percentile data. Pep, peppermint extract; Food, ground rodent chow extract; Feces, ground feces extract from caecotroph matter; GA,
geranyl acetate. All odorants are 1:100.
(D) Same as in (C) but testing odorant discrimination between alcohol odorant molecules having single C chain differences in length. C6, ethyl
butyrate; C7, ethyl valerate; C9, ethyl heptanoate; C10, ethyl caprylate. All odorants are 1:100.

Behavioral and Metabolic Phenotype www.neuron.org/cgi/content/full/41/3/389/DC1). As pre-
viously reported by Xu et al. (2003), the body weight ofof Kv1.3 Null Mice

Mice were housed in metabolic chambers for continu- the Kv1.3 null mice was less than that of the wild-type
mice even though total caloric and water intake wereous monitoring of O2 consumption and general activity

including locomotor, eating, and drinking behaviors (see not different. Unlike Xu et al. (2003), the level of oxygen
consumption normalized to body weight (metabolism)Table 1 and Supplemental Figures S1 and S2 at http://
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Figure 6. Locomotor Activity, Memory, Exploratory Motivation, and Odorant Threshold Are Accessed in Behavioral Tests Using a Force
Platform, Novel Object Recognition, Object Exploration, and a Two-Choice Discrimination Apparatus

(A) Total locomotor activity for wild-type (wild-type, �) and Kv1.3 null mice (Kv1.3�/�, �) is plotted against days and separated into 12 hr dark
(right) and 10 hr light (left) periods. Activity was measured using a custom-designed force platform that accumulated activity in 30 s periods
and stored distance within a 1 mm resolution. Plotted is the mean of ten animals � SEM; *, statistical difference in locomotor activity between
genotypes using a two-way randomized design ANOVA with snk post hoc test; defined at the 95% confidence level.
(B) Basal motivation for exploration is shown by plotting mean exploratory time for a novel object for wild-type (�/�) and Kv1.3 null (�/�)
mice. Plotted are mean � SEM for exploratory times scored during a 5 min interval. Sample sizes (n) of naive mice as indicated; no significant
difference by Student’s t test at the 95% confidence level.
(C) Novel object recognition test results are plotted for wild-type (�/�) and Kv1.3 null (�/�) mice to determine short- and longer-term memory.
Percent exploratory time of object 1 (solid bar) versus object 2 (striped bar) is equivalent (0.5%) for each genotype upon initial presentation
of the objects (Time 0). Percent exploratory time of two objects following introduction of novel object 3 (hatched bar) to replace object 2 is
plotted for a test group of mice tested 1 hr (time 1 hr) or 24 hr (time 24 hr) after initial object presentation. Plotted are mean � SEM, sample
sizes (n) as indicated, with statistical significance defined at the 95% confidence level (*), Student’s t test with arc-sin transformation for
percentile data.
(D) The retrieval of a hidden food reward buried under peppermint-scented litter in a two-choice paradigm was used to access odor threshold
in wild-type (solid bars) and Kv1.3 null mice (open bars). Percent correct decision was plotted against relative odorant concentration, where
odorant was sequentially diluted by 10-fold as indicated on the ordinate. Fifty percent correct (0.5) was defined as the threshold for odorant
detection, whereby the animal’s decision to dig (indication of choice) was equivalent to chance alone. Data represent the percent mean correct
decision � SEM for ten animals that were trained for each genotype. See text for experimental details.
(E) Same experimental paradigm and notation as (D) but plotting time to correct choice.
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Figure 7. OB Expression Levels of Adaptor, Scaffolding, and K Channel Interacting Proteins in Wild-Type versus Kv1.3 Null Mice

(A) (Left) RT-PCR determination of an expected 184 bp product (see Experimental Procedures) is present in the OB of wild-type mice (WT)
but fails to be detected in that of Kv1.3 null mice (�/�) by 1% agarose gel electrophoresis. (Right) P20 OB lysates were used to immunoprecipitate
Kv1.3 channel protein using a polyclonal antisera (IP: AU13) against the amino terminus of the channel. Immunoprecipitates were separated
by 10% SDS PAGE, electrotransferred to nitrocellulose, and blotted with �AU13 (Blot: AU13). Epichemiluminesense (ECL) was used to visualize
the expected Kv1.3 protein between 55 and 72 kDa (arrow). IgG arrow, heavy chain of the immunoglobulin. WT, wild-type; �/�, Kv1.3 null mice.
(B) OB membrane proteins (to probe for Kv1.3, Kv1.4, Kv1.5, ClC2, ClC3, CaPan, NaPan, TrkB, IR) and NP40 solubilized proteins (to probe for
Shc, Src, Grb10, Ras, 14-3-3, PSD95) were separated by 8%–10% SDS PAGE, electrotransferred to nitrocellulose, and blotted with various
antisera to compare expression levels in the wild-type (WT) and Kv1.3 null mice (�/�).
(C) Line densitometry was performed within single Western blots to determine pixel density for a visualized protein in the wild-type and null
condition. Immunodensity ratio was calculated as the pixel density of the protein in the null mouse over that of the wild-type mouse for
proteins exposed on the same piece of nitrocellulose. Mean pixel ratios are plotted � SEM; sample sizes as indicated represent number of
NP40 extractions or isolated membrane preparations. Ratio value of 1.0 (dashed line) indicates no difference in expression. *, Significantly
different by Student’s t test with arc-sin transformation for percentage data, � � 0.05. �, not significantly different; �, significantly different.

was increased in the Kv1.3 null mice only for a period in 64% of the matings for wild-type animals (n � 94)
compared with 66% for those from the null mice (n �of 12 hr following introduction to a metabolic testing

chamber, and, after adapting to the new environment, 73). Likewise, the mean litter size was not significantly
different between that of wild-type and Kv1.3 null micethere was no significant difference in metabolism moni-

tored continuously over 8 days (Supplemental Figure (6.5 � 0.3 [n � 60] �/� versus 6.4 � 0.3 [n � 48] �/�;
Student’s t test, � � 0.05).S1D and Table 1). Interestingly, even though total intake

was equivalent, the null animals ate more frequently No apparent differences were observed in the ability
of the Kv1.3 null mice to mate or to nurse their offspring,and drank less often when monitored for 8 days as

determined by breakage of a photobeam or lickometer two olfactory-related behavioral tasks. However, in test-
ing for general anosmia where animals are required toto achieve food or water (Table 1).

Kv1.3 null mice were interbred without any obvious retrieve a hidden food item that they smell under the
bed litter, Kv1.3 null mice were surprisingly able to out-lack of breeding success defined in percentage of mat-

ings resulting in pregnancy or size of the litter in compar- perform the wild-type mice (Figure 5A, Student’s t test,
� � 0.05). In fact, in trials utilizing solely naive mice, theison to wild-type controls. Crosses maintained for the

complete 4 day cycle of estrus resulted in pregnancy retrieval time for Kv1.3 null mice to recover the hidden
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Figure 8. Glomerular Size and Abundance and OB Axonal Targeting in Wild-Type versus Kv1.3�/� Mice

(A) Ten micron cyrosections from P10 mice labeled with DAPi nuclear stain to visualize the periglomerular cells circumferentially delineating
the boundary of individual glomeruli of wild-type and Kv1.3�/� mice.
(B) Image analysis of cresyl violet-stained coronal sections of the olfactory bulb was used to calculate cross sectional area of the glomeruli.
The plotted frequency histogram of the glomerular area was fitted by a Gaussian distribution (see Experimental Procedures) to determine the
mean area at that coronal position. Graphs demonstrate representative glomeruli areas taken for one wild-type and one Kv1.3�/� mouse at
the 50% coronal location.
(C) (Left) Histogram plot of the mean glomerular cross sectional area at the 20th, 35th, 50th, 65th, and 80th percentile depth into the OB. �, wild-
type; �, Kv1.3�/� mice. Plotted are mean � SEM, sample sizes (n) ranged from 3–6 non-littermate animals, with statistical significance defined
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food item was over twice as fast as that recorded for ioral assays were performed. Moreover, when the two
groups of animals were monitored for motivation to ex-the wild-type mice, but equally fast as that of wild-type

mice when the item was a play item (marble) without an plore a novel object, their duration of exploration was
not significantly different (Figure 6B), thereby stronglyassociated odor (Figure 5A).

Odor-habituation trials were then performed to deter- validating the difference between the animals on odor-
habituation trials.mine whether null animals could distinguish between

two odor qualities or whether total olfactory sensation Last, because the Kv1.3 null mice had an apparent
increased ability to discriminate odors, we questionedwas simply elevated without regard to discrimination or

tuning. In the first set of odor-habituation experiments, whether there was a difference in odor-detection thresh-
old in the null mice. Unlike the tests in Figure 5 thatthe odor pairs were comprised of complex odorant mix-

tures such as peppermint, ground food extract, ground utilize naive mice, most traditional behavioral paradigms
for odor threshold involve memory, so we first demon-fecal matter extract, or geranyl acetate (GA). Both geno-

types had comparably shaped habituation curves when strated that the wild-type and Kv1.3 null mice had equiv-
alent memory recognition of objects after 1 and 24 hrexploratory time was monitored for an odor-saturated

cotton swab that was repeatedly presented to the naive (Figure 6C). This served as a control for the odor-detec-
tion experiments that require the trained mouse to retainanimal (see Experimental Procedures) (Figure 5B). Kv1.3

null mice, however, habituated slightly faster than the information learned during the previous day’s behavioral
session. Using a two-choice paradigm, ten animals ofwild-type animals even though the extent of habituation

was similar (Figure 5B, inset). Upon presentation of the each genotype were trained to dig for a food reward
hidden under peppermint-scented litter. Kv1.3 null micenovel, second odorant in the pair to determine discrimi-

nation from the first, habituated odor quality, Kv1.3 null consistently outperformed the wild-type mice by accu-
rate retrieval of the hidden reward item at odorant con-mice had an increased mean exploratory time between

4- and 30-fold dependent upon the tested odorant pair centrations that ranged between 1,000- to 10,000-fold
less than that found accurately by the wild-type mice(Figure 5C). An increased exploratory time following ha-

bituation is indicative of the animal’s ability to detect (Figure 6D). Both genotypes had similar ability to learn
the trained task, as evidenced by the ability of all micethe new odor mixture or molecule as different. In con-

trast, wild-type animals habituated similarly but had far to have the same accuracy in selection (percent correct)
at higher odorant concentrations. Number of decisionsless discrimination ability as reflected in their 1.5- to

2.5-fold increase in exploration time to the novel odorant prior to correct choice was also scored but did not
indicate any marked difference between genotypesfollowing habituation. In the second set of odor-habitua-

tion experiments, the same experimental paradigm was (data not shown). The only perceived difference we ob-
served, beyond that of odor detection threshold, is thatperformed, but now using test odorant pairs of alcohol

molecules that differed by only one to four carbons in the null mice took longer to make a correct choice at
the highest odorant concentrations (Figure 6E).chain length (Figure 5D). Both Kv1.3 null and wild-type

animals had the ability to discriminate odorant mole-
cules differing in one to four C atoms; however, the Loss of Kv1.3 Alters the Expression of Kv1.3

Modulatory and Scaffolding ProteinsKv1.3 null mice outperformed the wild-type mice in alco-
hol pairs that differed by 1C or 4C in length. Mice of To verify further the loss of Kv1.3 transcription in the

Kv1.3 null mice (�/�), RT-PCR was conducted with RNAboth genotypes performed equally well in discrimination
between alcohol molecules that were intermediate in from the OB of P20 null and wild-type mice. Agarose

gel electrophoresis of the PCR-amplified products con-chain length differences (2 or 3 C) (Figure 5D).
Odor-habituation experiments rely on measurement firmed a band of predicted size in wild-type animals,

and this band was missing in the Kv1.3 null animalsof basal locomotor activity (Table 1) and, more impor-
tantly, on exploratory behavior. Even though the equal (Figure 7A, left). We also confirmed the lack of immuno-

reactive Kv1.3 protein in the OB of Kv1.3 null mice.retrieval time for an unscented object (marble) (Figure
5A) serves as a crude control for random movement of Using a previously characterized antiserum for the Kv1.3

channel (Tucker and Fadool, 2002), the expression ofthe animal while exploring, we carried out further control
measurements of total locomotor and exploratory activ- the channel protein could only be demonstrated in wild-

type but not in null mice (Figure 7A, right).ity. Total locomotor activity, measured in meters, was
determined over 8 days using a custom-designed force Kv1.3 is the target for multiple tyrosine kinase signal-

ing cascades and its function is altered through partici-platform that centers the animal’s home chamber upon
a freely rotating ball bearing to calculate movement (Wil- pation in several protein-protein interactions with SH3,

SH2, and PTB containing scaffolding and adaptor mole-liams et al., 2003). Compared to wild-type mice, Kv1.3
null animals exhibited increased total activity, which was cules. We hypothesized that its absence might perturb

the expression or proportion of scaffolding and modula-statistically significant during the dark cycle but not dur-
ing the light cycle (Table 1, Figure 6A) when the behav- tory kinases that normally associate with it. Purified

at the 95% confidence level (*) for each coronal position, Student’s t test. (Right) Same as in (C), left, except for mean glomeruli number.
(D) The distribution of olfactory neurons expressing the P2 odorant receptor protein was visualized in coronal cyrosections in P2-IRES-tau-
LacZ transgenic mice (WtP2) versus Kv1.3 null P2-IRES-tau-LacZ double homozygous mutant mice (KvP2). Sections were processed using
X-gal histochemistry and counterstained with neutral red. Although there is some interanimal variability (five animals analyzed of each genotype),
the location of axonal projection and number of targeted glomeruli was not qualitatively different in the Kv1.3 null background.
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membrane preparations or NP40 solubilized lysates 37%–58%) and more numerous (with an increase range
of 170%–240%) than those of wild-type mice at all loca-were separated by SDS-PAGE and electrotransferred to

nitrocellulose in order to probe for known membrane tions (Figure 8C).
Because of the striking finding of an increased numberbound or cytosolic modulatory or associated proteins

of Kv1.3 in the OB. Representative nitrocellulose blots of smaller glomeruli, we tested the hypothesis that axo-
nal projections are altered by crossing the Kv1.3 nulllabeled for these various channels, kinases, and adaptor

proteins are shown in Figure 7B. Quantitative immuno- mice with mice in which a single odorant receptor called
P2 is linked to the expression of lacZ-tagged tau proteindensity measurements (Figure 7C) demonstrate that the

neurotrophin receptor TrkB, the cellular kinase Src, a (Mombaerts et al., 1996; Schaefer et al., 2001). Visualiza-
tion of the axonal projections from olfactory sensoryvoltage-gated Ca channel (CaPan), the adaptor proteins

14-3-3, nShc, PSD-95, and Grb, as well as total tyrosine neurons containing the P2 receptor protein using
	-galactosidase did not reveal any obvious differencesphosphorylation in the Kv1.3 null mice, are elevated

over levels in wild-type mice. In contrast, other types of in staining of the P2 glomerulus between wild-type and
Kv1.3�/� animals (Figure 8D).voltage-gated ion channels (Kv1.4, Kv1.5, ClC2, ClC3,

NaPan), the receptor tyrosine kinase insulin receptor,
and the adaptor protein ras do not have significantly Discussion
altered total protein expression levels across the two ge-
notypes. We have demonstrated that mice deficient in the volt-

age-dependent potassium channel Kv1.3 have a height-
ened sense of smell and distinct alterations of the struc-Structural Changes in the Olfactory Bulb

of Kv1.3 Null Mice ture of the olfactory bulb and its protein composition.
Mitral cells of Kv1.3 null mice fail to exhibit normal modu-The TrkB receptor is elevated in Kv1.3 null mice. It is

known that activation of this receptor by BDNF is depen- lation of currents by receptor tyrosine kinases, and their
potassium currents are of lower amplitude and havedent upon neural activity and that it regulates axonal

growth. We therefore questioned whether there was an modified kinetic properties. Changes in the potassium
current undoubtedly contribute to the altered pattern ofanatomical change in the OB that might explain the

increased ability of these animals to detect odorant mol- firing in response to depolarization in the Kv1.3 null
neurons. It is likely that the changes in calcium channelecules. In comparing the structure and size of the neuro-

epithelial layers of the OB in P10 animals for each geno- expression (Friedman and Strowbridge, 2000), together
with altered levels of interacting proteins, also influencetype, we found that the only significant alterations were

restricted to the glomerular layer (Figure 8A). Although the resultant pattern of firing. Interestingly, B.W. Strow-
bridge et al. (submitted) find that application of MgTxglomerular size increases with age until approximately

12 weeks (Pomeroy et al., 1990) and is greatest at the to rat mitral cells abolishes action potential clustering
and results in tonic firing at an increased average fre-midpoint of the bulb (Royet et al., 1988), the mean glo-

meruli size sampled at the midpoint of the OB from wild- quency. Therefore, loss of Kv1.3 may serve to provide
more spiking precision underlying repetitive stimulationtype mice was within the range reported for other rodent

species (LaMantia et al., 1992). Species comparisons of by eliminating periodity or clustering to increase firing
frequency.mean cross sectional areas were recalculated from the

midpoint of the bulb from diameters reported in the The axonal processes of the olfactory sensory neu-
rons synapse onto the mitral cell at the level of theliterature using 
r2 as an approximation as follows:

mouse (P10) mean glomeruli size in this study � 3455 glomeruli, representing the first processing of olfactory
information at the level of the central nervous system�m2, mouse (P60) reported by Royet et al. (1988) � 5027

�m2, rat (P60) reported by Meisami and Safari (1981) � (see Korsching, 2002; Nagao et al., 2002). The increased
ability of Kv1.3 null mice, both to sense olfactory cues3849 �m2, and bat reported by Abercrombie (1946) �

5027 �m2. In contrast, the mean glomeruli size of Kv1.3 and to discriminate between structurally similar mole-
cules, could be related either to the structural changes atnull mice was significantly smaller than that of wild-

type mice (2882 � �m2 �/� versus 3455 � �m2 �/�, the level of the glomeruli or to alterations in the intrinsic
excitability of olfactory neurons. For example, greaterStudent’s t test, � � 0.05) (Figure 8B).

Because the size and number of glomerular units de- regularity in firing in the Kv1.3 null OB neurons may alter
the pattern of response to olfactory information. Ourpend on position within the olfactory bulb, we elected

to calculate the size and abundance of glomeruli at five current-clamp recordings suggest that less current is
required to elicit spike frequencies equivalent to that ofequally spaced coronal locations across the bulb. Three

non-littermates of each genotype (P10) were used in the wild-type neurons, a property that may allow the animals
to detect odor molecules at lower concentrations. Alter-study. Individual glomeruli were hand circled using the

Metamorph image analysis program, the glomerular natively, the formation of smaller and more numerous
units for this type of processing may provide a greatercross sectional area was binned in increments of 100

�m2, and then the plotted histogram distribution was fit resolving power to improve odorant discrimination and
threshold detection. This may be tied, for example, towith a Gaussian function (y � yo � Ae�[(x � xc)2/2w2 ], where

A � amplitude, w � width, yo � y offset) to determine the elevated trkB receptor expression in the Kv1.3 null
mice, which has been demonstrated to increase activity-the mean glomeruli size per genotype at that location.

Although size and number of glomeruli did vary with dependent growth of axonal projections (Balkowiec and
Katz, 2002). There is precedence in the visual system forlocation, the Kv1.3 null mice had glomeruli that were

significantly smaller (representing a decrease range of modulation of axonal projections by changes in channel
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activity during critical periods of development (McFar- insulin receptor suppresses Kv1.3 current, and, al-
lane and Pollack, 2000). Although our results in the KvP2 though expression of Kv1.3 does not alter levels of the
double mutant mice demonstrate lack of altered projec- insulin receptor, it alters its ability to be tyrosine phos-
tion to one type of glomerulus (P2), it is estimated that phorylated (D.A.F., unpublished data). In addition, we
there are approximately 1000 odor receptor genes (and have recently demonstrated that, while activation of
only three lines of receptor-tagged transgenic mice have TrkB causes suppression of Kv1.3 current, coexpression
been created: P2, M71, M72) (Mombaerts et al., 1996; of Kv1.3 with TrkB causes a strong upregulation in the
Bozza et al., 2002; Potter et al., 2001). Thus, the lack of expression of the channel protein, even in the absence
finding additional P2 glomeruli in the KvP2 double mu- of activation of TrkB by BDNF (Colley et al., 2004). Con-
tant mice may be inherently biased. Although animal sistent with these observations in cell lines, we found
variability in the position and number of P2 glomeruli that deletion of Kv1.3 produced increases in the expres-
has been reported (Royal and Key, 1999; Schaefer et sion levels of CaPan, TrkB, Src, Grb, 14-3-3, Shc, PSD-
al., 2001), there are two additional important factors: 95, and of total tyr phosphorylation levels. As increased
(1) the odorant ligand that activates the P2 receptor is tyrosine phosphorylation results in the suppression of
undetermined, and we do not know the importance of P2 the current of many Kv family members (Huang et al.,
for odor sensitivity; and (2) projection to these glomeruli 1993; Holmes et al., 1996a, 1996b; Nitabach et al., 2002)
demonstrates lack of plasticity and is unchanged in CNG and may modulate the remaining Kv1.4 or Kv1.5 chan-
channel null mice that are virtually anosmic (Zheng et nels, these biochemical changes may contribute to the
al., 2000). It will thus be important for future studies to lower peak current magnitude and slower �Inact in the
investigate the cellular mechanism underlying the Kv1.3 Kv1.3 null mice.
null mice phenotype. Generation of KvM71 and KvM72 The major function of voltage-dependent potassium
double mutant mice is one approach, but it will be channels is to regulate potassium flux across the plasma
equally valuable to explore subtle changes in connectiv- membrane to shape the excitability of neurons. It ap-
ity. Kv1.3 null mice could be bred to YFP-expressing pears, however, that the role of the Kv1.3 channel may
mitral cell mice (Feng et al., 2000) to visualize connec- be more far-reaching than can be accounted for simply
tions of olfactory sensory neurons, in general, to the by its effects on membrane potential. Our findings have
mitral cells at the smaller glomeruli. Retrograde glomer- indicated that this channel subunit influences the bal-
uli tracing, as recently reported by Lodovichi et al. (2003), ance of multiple signaling molecules in the olfactory
would be an excellent method to determine if all glomer- bulb and that it plays an important role in its normal
uli of Kv1.3 null mice are physically wired. Last, we plan development and in the function of olfactory discrimina-
to stereotaxically deliver MgTx into the OB of adult wild- tion. Our data suggest that, in addition to its role in the
type animals to explore the reproducibility of the behav- control of excitability, the Kv1.3 channel subunit is a
ioral, electrical, and biochemical phenotype, indepen- central signaling molecule through which signal trans-
dent of the glomerular structural changes. ductory and modulatory proteins interact to regulate

An additional possibility that cannot be ruled out by intercellular communication in neurons.
our experiments is that the site for enhanced olfactory
performance resides in neural structures other than the

Experimental ProceduresOB. Even though Kv1.3 has a highly restrictive pattern
of expression in the CNS, it is found in the dendate gyrus

Solutions and Antibodiesof the hippocampus. Application of pharmacological
The composition of olfactory bulb neuron (OBN) patch pipette and

blockers of Kv1.1 and Kv1.3 into the third ventricle im- bath recording solutions, nonidet-P40 protease and phosphatase
proves associative learning in rats (Kourrich et al., 2001). inhibitor (NP40 PPI) solution, homogenization buffer (HB), and phos-
Since the deletion of Kv1.3 is not restricted to the OB, phate buffered saline (PBS) are as described in Tucker and Fadool

(2002). Human recombinant brain-derived neurotrophic factor (BDNF)it is possible that these mice are simply “smarter.” Nev-
was purchased from Promega (Madison, WI), and human recombi-ertheless, our experiments make this possibility less
nant insulin was purchased from Boehringer Mannheim (Indiana-likely for several reasons. Mice used in the anosmia
polis, IN). Margatoxin (MgTx), a selective blocker of Kv1.3, was ascreen and odor habituation experiments were naive, generous gift from Dr. Reid Leonard, Merck Research Laboratories

and the capacity for learning did not factor into the (Rahway, NJ), and 5-nitro-2-(3-phenylpropyl-amino) benzoic acid
behavioral task employed. Moreover, there was no ef- (NNPB), a nonselective blocker of Cl channels, was purchased
fect of Kv1.3 elimination on the retrieval of a marble or from Sigma.

The previously characterized AU13 antiserum against Kv1.3 wasthe observation of a novel object, which were used as
used for immunoprecipitation (1:1000) and Western blot detectionmotivational tasks (play), and which might have been
(1:1500) of Kv1.3 in the OB (Tucker and Fadool, 2002). Tyrosineexpected to change if hippocampal activity had been
phosphorylated proteins were detected on Western blots (1:1000)

significantly altered after deletion of Kv1.3. Finally, tasks with the mouse monoclonal antibody 4G10 (Upstate Biotechnology,
that required memory (object recognition) or trained be- Inc., Lake Placid, NY). The following additional antisera were used
haviors did not demonstrate any difference after deletion to screen expression of channels, kinases, and scaffolding proteins
of Kv1.3. in the OB of wild-type versus Kv1.3 null mice by Western blot at

the following dilutions: TrkB (1:800; monoclonal #47; BD Biosci-Previous work in heterologous expression systems
ences, San Diego, CA), Kv1.4 (1:1000; polyclonal, gift from Dr. J.O.has clearly shown that there is reciprocal regulation of
Dolly), Kv1.5 (1:1000; polyclonal, gift from Dr. T.C. Holmes), ClC2/the level of expression of the Kv1.3 channel and the
ClC3 (1:200; polyclonal GST fusion proteins, Alomone Laboratories,

kinase pathways that modulate its function. For exam- Jerusalem, Israel), NaPan (1:500; monoclonal #SP-19, Sigma Chemi-
ple, Src kinase causes suppression of Kv1.3 current, cal), CaPan (1:200, Alomone Laboratories), IR (1:1000; polyclonal
but expression of Kv1.3 downregulates the expression GST fusion protein, Upstate), Src (1:80; monoclonal #327, Oncogene

Research Products, Cambridge, MA), Grb (1:1000, polyclonal #K-20,of the kinase (Holmes et al., 1997). Activation of the
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Santa Cruz Biotechnology, Santa Cruz, CA), nShc (1:500 polyclonal released in the center of the cage until the item was found. Experi-
ments were terminated at 600 s (10 min), and mice were scored that#H-108, Santa Cruz), Ras (1:500; monoclonal #18, BD Biosciences),

and 14-3-3 (1:1000 monoclonal #12, BD Biosciences). time duration if the item was not retrieved.
Odor-habituation paradigms were slightly modified from that de-Alcohol odorants (ethyl butyrate [C6], ethyl valerate [C7], ethyl

heptanoate [C9], and ethyl caprylate [C10]) were obtained as 99% vised previously by Fletcher and Wilson (2002). To test for discrimi-
nation of a second odor following the habituation to a first odor,purity grade from Aldrich Chemical Co. (Milwaukee, WI). Geranyl

acetate (GA) was 98% purity grade from Sigma. Peppermint ex- naive mice were removed from the home cage and again placed
in a similar-sized testing cage. Odor mixtures or single odoranttract was obtained at Publix groceries (Tallahassee, FL), UPC

0-5210007079-7, and food extract was prepared from General Labo- molecules differing by number of carbon atoms were diluted 1:100
in mineral oil and applied to a cotton swab. The cotton swab wasratory Diet 5001 (Purina). Liquid odorants were diluted to working

concentrations with light mineral oil (Fisher; Cat. 0121-1) and vor- introduced to the mouse through the top of the testing cage and
time of active investigation/smelling of the odor was recorded. Micetexed for 10 s. For odor habituation experiments, 10 �l of diluted

odorant was applied directly to a cotton swab for behavioral testing. were habituated to the first odor of an odor pair combination by
repeat stimulation with the odor saturated swab for seven trialsFor odorant threshold testing, 500 �l of diluted odorant was applied

to 20 g of crushed walnut chips to scent the litter. Feces were using 1 min resting intervals. On the eighth trial, the second odor
of the odor pair was presented and time of increased explorationobtained from lactating female, caecotroph matter. Solids, the food

chow, and the feces, respectively, were crushed between paper was scored. All recorded times were normalized and compared to
the animal’s original exploration time prior to habituation to minimizewith pressure applied, and a mineral oil-wetted swab was rolled in

the resulting crumbs for behavioral testing. the between-animal variance. The ratio of normalized exploratory
time on the seventh trial (habituated) over that of the eighth trial
(new odorant) was compared across wild-type and Kv1.3�/� miceBiochemistry
within an odorant pair using an arc-sin transformation for percent-Postnatal day (P), twenty mice were euthanized by CO2 inhalation
age data with a paired t test at the 95% confidence level.as per Florida State University Laboratory Animal Resources and

AVMA-approved methods, and olfactory bulbs (OBs) were quickly
harvested after decapitation. OBs were immediately homogenized Odorant Threshold
in HB or NP40 PPI for fifty strokes with a Kontes tissue grinder (size Twenty mice (ten of each genotype) were introduced to a two-
20) on ice. HB processed bulbs were used to isolate membrane choice discrimination apparatus (one waiting room and two choice
proteins while NP40 PPI processed bulbs were used to extract compartments) (Colacicco et al., 2002) for a 3 day habituation period
cytosolic proteins as previously described (Tucker and Fadool, followed by a 1 week training period. Commencing with the habitua-
2002). tion period, mice were placed on a limited food schedule of 2–3

Membrane or cytosolic proteins (25 �g/lane) were separated on g/day with water available ab libitum. Body weight was taken daily
8%–10% acrylamide gels by SDS-PAGE and electrotransferred to and food amount adjusted to maintain all animals at 85% of free-
nitrocellulose blots as previously described (Cook and Fadool, 2002; feeding body weight. During the habituation period, mice were intro-
Tucker and Fadool, 2002). Enhanced chemiluminescence (ECL; duced to 3 inch diameter feeding cups filled with 20 g crushed
Amersham-Pharmacia) exposure on Fugi Rx film (Fisher) was used walnut chips (Petco, lizard bedding) scented with 1:10 peppermint
to visualize labeled proteins. The film autoradiographs were ana- extract and baited with visible 1–2 pieces of honey-flavored cereal
lyzed by quantitative densitometry using a Hewlett-Packard Pho- on top of the digging medium (walnut chips). During the training
toSmart Scanner (model 106-816, Hewlett Packard, San Diego, CA) period, mice were presented with two feeding cups, one containing
in conjunction with Quantiscan software (Biosoft, Cambridge, En- scented and the other unscented walnut chips. Both feeding cups
gland). Immunodensity ratios (Kv1.3�/� over wild-type) were calcu- were baited with the hidden food reward, only the unscented chips
lated, normalized, and analyzed as described previously (Tucker had the reward placed under a metal screen fitted inside the feeding
and Fadool, 2002). cup (inaccessible) and the scented chips had the reward on top of

the screen. Mice were trained to dig for the food reward by odorant
pairing and were immediately removed to the waiting room to termi-Electrophysiology
nate the trial if they dug in the unscented chips (wrong decision).Cultured OBNs were prepared as previously described for rat

Odorant threshold testing began when performance levels(Tucker and Fadool, 2002) and slightly modified for mice (Colley et
reached 100% correct choice for the 1:10 peppermint dilution (stepal., 2004). OBNs were voltage or current clamped at room tempera-
1 on scale; Figure 5D). For each daily test session, mice were pro-ture in the whole-cell recording configuration. Electrodes were fabri-
gressively tested on sequentially lower dilutions that were preparedcated from Jencons glass (Cat #M15/10, Jencons Limited, Bedford-
in 10-fold dilution step increments. A test of a given dilution con-shire, England), fire-polished to approximately 1 �m tip diameter,
sisted of four to eight trials. If a mouse responded with 80%–100%and coated near the tip with beeswax to reduce the electrode capac-
for correct decisions, it was tested on the next lower dilution. Sinceitance. Pipette resistances were between 9 and 14 M�. All voltage
mice only had the capacity to stay attentive to the task for 30–45signals were generated, and data were acquired using an Axopatch
min (approximately fifteen trials), the lowest dilution at which 100%200B in conjunction with pClamp8.0 software (Axon Instruments,
correct decisions were made was resumed on the next day. If theFoster City, CA). The amplifier output was filtered at 2 kHz and
mouse responded incorrectly (60%–80% correct decisions), it wasdigitized at 2–5 kHz.
retested twice with the previous stronger dilution. Odorant thresholdAll electrophysiological data were analyzed using pClamp soft-
was determined at 50% correct decisions or retrieval of reward byware (Axon Instruments). Data traces were subtracted linearly for
chance alone. All training and testing were conducted between 1600leakage conductance. The inactivation of the macroscopic current
and 2000 hr in a room isolated from external noise. This behavioral(�inact) was fit to the sum of two exponentials [y � y0 � A1exp(�x/�1) �
paradigm was designed based upon modification of protocols de-A2exp(�x/�2)] by minimizing the sums of squares, where y0 was the
scribed in Yee and Wysocki (2001), Colacicco et al. (2002), and theY offset, �1 and �2 were the inactivation time constants, and A1 and
Hyde Laboratory (Schering Plough Research Institute, Kenilworth,A2 were the amplitudes. The two inactivation time constants (�) were
New Jersey).combined by multiplying each by its weight (A) and summing as

described previously (Fadool et al., 2000).

Object Recognition
Eighteen mice were individually habituated for 1 week in an open-Odor Habituation

To test for general anosmia, naive mice were removed from the field chamber (26 � 47 � 13.5 cm) prior to performing the task. For
the recognition testing, two objects were placed in the chamberhome cage and placed in a testing cage (29.2 � 19.1 � 12.7 cm) in

which a peanut butter cracker or size-matched marble was hidden and mice were allowed to explore them for a 5 min interval. The
amount of time the mouse was oriented to each object within onefrom view under the litter. The item to be retrieved was randomly

selected and hidden in a different location in the cage on each trial. head length was scored. After either 1 or 24 hr, mice were tested
for memory retention by replacing two objects in the chamber atThe retrieval time was recorded from the instant the mouse was



Effect of Kv1.3 Null Mice in the Olfactory System
403

the same position, but replacing object 2 (familiar object) with object Modulation of the Kv1.3 potassium channel by receptor tyrosine
kinases. J. Gen. Physiol. 110, 601–610.3 (novel object) and again scoring orientation for a 5 min interval.

This behavioral paradigm was designed based upon that described Bozza, T., Feinstein, P., Zheng, C., and Mombaerts, P. (2002). Odor-
in Jeon et al. (2003). ant receptor expression defines functional units in the mouse olfac-

tory system. J. Neurosci. 22, 3033–3043.
Whole-Animal Physiology Monitoring Cayabyab, F.S., Khanna, R., Jones, O.T., and Schlichter, L.C. (2000).
Twenty mice of each genotype were monitored for 8 days in shoebox Suppression of the rat microglia Kv1.3 current by src-family tyrosine
cages (26 � 47 � 13.5 cm) custom modified for continuous determi- kinases and oxygen/glucose deprivation. Eur. J. Neurosci. 12, 1949–
nation of oxygen consumption, locomotor activity, and ingestive 1960.
behaviors (Williams et al., 2003). Briefly, cages were placed inside Colacicco, G., Welzl, H., Lipp, H.P., and Wurbel, H. (2002). Attentional
environmental chambers that provided computer control of ambient set-shifting in mice: modification of a rat paradigm, and evidence
temperature (Ta � 23
C) and light cycles. Mixed cage air was sam- for strain-dependent variation. Behav. Brain. Res. 132, 95–102.
pled for 30 s every 4 min, dried, and compressed prior to reaching

Colley, B., Tucker, K., and Fadool, D.A. (2004). Comparison of modu-gas analyzers to determine VO2. Stiff strain-gauge load beam trans-
lation of Kv1.3 channel by two receptor tyrosine kinases in olfactoryducers were attached under two adjacent corners of the cage plat-
bulb neurons of rodents. Recept. Channels 10, 1–12.form and sampled at 50 Hz to measure changes in the chamber’s
Cook, K.K., and Fadool, D.A. (2002). Two adaptor proteins differen-center of gravity (resolution � 1 mm), allowing localization of the
tially modulate the phosphorylation and biophysics of Kv1.3 ionmouse’s position in two dimensions. Locomotor activity was defined
channel by SRC kinase. J. Biol. Chem. 277, 13268–13280.as unidirectional movement greater than 1 cm and cumulated for

dark and light phases. Feeding behavior was monitored by a pho- Fadool, D.A., and Levitan, I.B. (1998). Modulation of olfactory bulb
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