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Cortical barrel lesions impair whisker-CS trace

eyeblink conditioning
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Whisker deflection is an effective conditioned stimulus (CS) for trace eyeblink conditioning that has been shown to
induce a learning-specific expansion of whisker-related cortical barrels, suggesting that memory storage for an aspect
of the trace association resides in barrel cortex. To examine the role of the barrel cortex in acquisition and retrieval
of trace eyeblink associations, the barrel cortex was lesioned either prior to (acquisition group) or following
(retention group) trace conditioning. The acquisition lesion group was unable to acquire the trace conditioned
response, suggesting that the whisker barrel cortex is vital for learning trace eyeblink conditioning with whisker
deflection as the CS. The retention lesion group exhibited a significant reduction in expression of the previously
acquired conditioned response, suggesting that an aspect of the trace association may reside in barrel cortex. These
results demonstrate that the barrel cortex is important for both acquisition and retention of whisker trace eyeblink
conditioning. Furthermore, these results, along with prior anatomical whisker barrel analyses suggest that the barrel
cortex is a site for long-term storage of whisker trace eyeblink associations.

Pavlovian conditioning has been used as a tool to study the vari-
ous aspects of memory acquisition and retrieval for over a cen-
tury. In Pavlovian conditioning, a neutral conditioned stimulus
(CS) is paired with a salient unconditioned stimulus (US) that
elicits an unconditioned response (UR). After repeated CS-US
pairings, the animal begins to exhibit a conditioned response
(CR) that precedes US onset. In delay conditioning, the CS and
US are not temporally separated. This form of conditioning is
forebrain independent, in that decerebration, decortication, or
hippocampectomy does not impair acquisition (Theios and Brels-
ford Jr. 1966; Norman et al. 1977; Oakley and Russell 1977; Mauk
and Thompson 1987). Rather, delay conditioning is dependent
upon brainstem and cerebellar processing (Clark et al. 1984;
Mauk and Thompson 1987). In trace conditioning, the CS and
US are temporally separated by a stimulus free trace interval. This
form of conditioning, in addition to being dependent upon the
same brainstem and cerebellar processing as in delay condition-
ing, is also dependent upon midbrain structures such as the me-
dial dorsal thalamus (Powell and Churchwell 2002) and upon
forebrain regions such as the hippocampus (Solomon et al. 1986;
Moyer Jr. et al. 1990; Kim et al. 1995; McGlinchey-Berroth et al.
1997; Clark and Squire 1998; Weiss et al. 1999; Takehara et al.
2002; Tseng et al. 2004), medial prefrontal cortex (McLaughlin et
al. 2002; Takehara et al. 2003; Frankland et al. 2006), and anterior
cingulate cortex (Kronforst-Collins and Disterhoft 1998; Weible
et al. 2000; Han et al. 2003). For reviews of the circuitry involved
in trace eyeblink conditioning, see Berger and Bassett (1992),
Weiss and Disterhoft (1996), and Weiss et al. (2006).

Analyses of hippocampal involvement in trace conditioning
have demonstrated that lesioning the hippocampus prior to, or
1 d after learning, impairs an animal’s ability to form trace asso-
ciations (Solomon et al. 1986; Moyer Jr. et al. 1990; Kim et al.
1995; McGlinchey-Berroth et al. 1997; Clark and Squire 1998;
Weiss et al. 1999; Takehara et al. 2002; Tseng et al. 2004). How-
ever, hippocampal lesions made 30 d after training do not impair
an animal’s ability to exhibit appropriately timed CRs (Kim et al.
1995; Takehara et al. 2002), suggesting that long-term storage for
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trace associations occurs elsewhere in the brain. Various behav-
ioral paradigms, such as frequency discrimination training (Dis-
terhoft and Stuart 1976; Kitzes et al. 1978; Diamond and Wein-
berger 1986, 1989; Edeline et al. 1993; Recanzone et al. 1993;
Rutkowski and Weinberger 2005) and tactile discrimination
training (Jenkins et al. 1990; Recanzone et al. 1992; Krupa et al.
2004), induce plasticity in the neocortex. These and similar stud-
ies, have led to theoretical models (Eichenbaum et al. 1992;
Squire et al. 2004) suggesting that one of the most likely loca-
tions for long-term storage of trace associations is the neocortex.

Recent work from our laboratory has focused on utilizing
whisker deflection as the CS to facilitate examining long-term
storage of trace associations. These studies have demonstrated
that whisker deflection is an effective CS for both delay (Das et al.
2001) and trace eyeblink conditioning (Galvez et al. 2006; Leal-
Campanario et al. 2006). Furthermore, we have recently demon-
strated that using whisker deflection as the CS induces a learning-
specific expansion of whisker-related cortical barrels compared
with pseudo-conditioned animals, demonstrating that the ex-
pansion was not simply due to use (Galvez et al. 2006), thus
suggesting that memory storage for an aspect of the trace asso-
ciation occurs in barrel cortex.

We report an analysis of the role of the barrel cortex in
acquisition and retrieval of trace eyeblink associations carried out
by lesioning the barrel cortex either prior to (acquisition group)
or following (retention group) trace conditioning (Fig. 1). These
analyses demonstrated that the barrel cortex (1) is required for
initial acquisition of trace associations and (2) plays a role in
retention/expression of previously acquired CRs. Note, both ac-
quisition and retention lesion groups were able to learn delay
conditioning, suggesting that the inability to learn or exhibit
already learned trace associations was not due to an inability to
perceive the CS. These results suggest that the barrel cortex is
involved in both the initial acquisition and subsequent retrieval
of the trace association.

Results

Performance of acquisition lesion pseudo-conditioned animals
did not significantly differ from acquisition sham pseudo-
conditioned animals for any of the analyses performed. There-
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Figure 1. Schematic of experimental design.

fore the data from these groups were combined and will be re-
ferred to as pseudo-conditioned from here on.

Data from animals receiving ibotenic acid infusions were
included in the appropriate lesion groups only if all or all but one
of the B-row barrels were absent in cytochrome oxidase (CO)-
reacted sections (Fig. 2). Four of the ibotenic acid-infused ani-
mals had partial (more than one spared barrel) or complete spar-
ing of B-row cortical barrels. Performance of these animals was
not significantly different from, and was thus included in, the
appropriate sham groups.

Acquisition group

The barrel cortex was lesioned prior to trace eyeblink condition-
ing to assess the role of the barrel cortex in acquisition of the
trace association. Lesioned animals did not exhibit a significant
change in the percentage of adaptive CRs across days, did not
significantly differ in the percentage of adaptive CRs from
pseudo-conditioned animals, and had significantly fewer adap-
tive CRs than did acquisition sham animals during trace training
(F1,11) = 11.25; P <0.05) and subsequent trace testing
(Fa 11y =77.19; P < 0.05) phases of the experiment (Fig. 3A). Ac-
quisition sham animals exhibited a significant increase in the
percentage of adaptive CRs across days (F 75y = 10.20; P < 0.05),
demonstrating acquisition of the trace association (Fig. 3A).
Analyses of UR peak height, peak time, duration, and area during
the first 4 d of trace training demonstrated no significant differ-
ences between acquisition sham and lesion animals, as expected
due to UR dependence on brain stem processing, suggesting that
lesioning of the whisker barrel cortex did not hinder the ability
to blink in response to the corneal air-puff. Acquisition lesion
animals did exhibit a mean UR onset occurring 9 = 3 msec ear-
lier than acquisition sham animals (F(; 5;, = 16.59; P < 0.05). This
difference may reflect a minor modification of brainstem US pro-
cessing resulting from a disruption of cortical processing but
would not in itself explain the dramatically reduced CR percent-
age exhibited by acquisition lesion animals.

Retention group

For the retention lesion animals, the barrel cortex was lesioned
after trace eyeblink conditioning to assess the role of the barrel
cortex in retention of the trace association. During trace testing,
the retention lesion animals exhibited a significant reduction in
the percentage of adaptive CRs compared with retention sham
animals (F; 44, = 15.34; P <0.05) (Fig. 3B). Retention sham and
lesion animals both exhibited a significant increase in percentage
of adaptive CRs during the trace training phase of the experiment
(Fo,36) = 10.67; P < 0.05), demonstrating comparable acquisition

of the trace association (Fig. 3B). Analyses of retention lesion
animal UR properties (onset, peak height, peak time, duration,
and area) on day one of trace testing did not significantly differ
from sham animals, suggesting that the drop in percentage of
adaptive CRs was not due to a lesion-induced impairment in US
perception or UR performance.

Post hoc analysis of the retention lesion group’s perfor-
mance across the trace testing days demonstrated that unlike the
retention sham animals, lesioned animals exhibited a signifi-
cant increase in the percentage of CRs across days (F4 40, = 2.91;
P < 0.05) (Fig. 3B), suggesting reacquisition of the trace associa-
tion. To determine whether retention lesion animals dropped in
performance to pseudo-conditioning levels on the first day of
trace testing, a within-subject post hoc analysis of the percentage
of CRs on the first 10 trials on day one of trace testing was con-
ducted. This analysis revealed that retention lesion animals were
significantly different from pseudo-conditioned animals within
the first 10 trials of day one of trace testing (F( s, = 10.45;
P < 0.05), demonstrating that CR performance by retention le-
sion animals did not drop to pseudo-conditioning levels on day
one of trace testing.

Further analysis of the lesion group’s performance during
trace testing demonstrated an elevated number of nonadaptive
CRs (blinks that returned to pre-CS baseline prior to US onset) in
retention lesion (mean = 19.4 + 2.4%) compared with retention
sham (mean = 11.0 * 2.1%) animals (F ;5 = 5.83; P < 0.05)
(Fig. 4). A within-subject post hoc analysis of adaptive versus
nonadaptive CR properties for retention lesion animals during
trace testing demonstrated that lesioning the barrel cortex did
not significantly affect CR onset, suggesting that the lesioned
animals were able to perceive the CS without cortical barrel in-
volvement. However, the fact that the nonadaptive CRs were
significantly smaller (peak height F; 44y = 56.45; P <0.05) and
shorter (duration F 44)=32.77; P <0.05; area F; 44, = 10.46;
P <0.05) and peaked earlier (peak time F; 44y = 61.28; P < 0.05)
compared with adaptive CRs suggests that lesioning barrel cortex
impaired CR timing (Table 1; Fig. 4). Increased occurrence of
nonadaptive CRs and no significant difference in adaptive and
nonadaptive CR onset by lesioned animals suggests that the
knowledge of the association was retained; however, these data
along with the observed differences in CR properties strongly

Figure 2. |llustration of somatosensory cortical barrel lesion size. (A)
Smallest (dark gray) and largest (light gray) lesion in layer IV of the
somatosensory barrel cortex included in the appropriate lesion groups.
Cortical barrels from a representative tangential section from a sham
animal were delineated for illustrative purposes. Note that the largest
lesion did not extend significantly beyond the whisker barrel field in layer
IV. The ventral spread of the largest lesion also did not extend all the way
through layer VI of the neocortex. M indicates medial; L, lateral; R, rostral;
and C, caudal. Letters A-F delineate barrel rows. (B) Cyochrome oxidase—
stained tangential section through layer IV of barrel cortex with a lesion
(arrow) in B row. Note that the white spot in B2-B4 is not a physical hole
in the barrel cortex. Brain regions lesioned with ibotenic acid are not as
metabolically active as nonlesioned brain regions and thus do not stain as
efficiently with cytochrome oxidase (a marker of metabolic activity). Let-
ters A-F delineate barrel rows.
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Figure 3. Barrel cortical lesions hinder acquisition and performance of
trace eyeblink conditioning. (A) Acquisition groups’ performance during
trace training, trace testing, and delay conditioning sessions. Note that
unlike trace sham animals (trace sham; filled triangle), barrel cortical
lesion animals (trace lesion; open triangle) did not learn the trace asso-
ciation and performed comparable to pseudo-condition sham (pseudo
sham; filled circles) and lesion (pseudo lesion; open circles) animals. (B)
Retention lesion (trace lesion; open triangles) and sham (trace sham;
filled triangles) group performances during trace training, trace testing,
and delay conditioning sessions. Both groups learned the association
during trace training. A drop in performance was observed after lesioning
the barrel cortex during trace testing for trace lesion animals. All animals
learned delay conditioning. Days 11 and 17 were auditory test days con-
sisting of 20 stimulator detached trials (see Behavioral Training). Auditory
test day performances for all animals were at or below pseudo-
conditioned levels. Error bars, SEM.

suggest that timing or signaling of the learned association was
disrupted.

Complete removal of the cerebral cortex has been shown to
facilitate subsequent acquisition of reversal conditioning and
conditioned inhibition using a delay paradigm (Oakley and Rus-
sell 1972, 1975; Moore et al. 1980), a result believed to indicate
an inhibitory role for the cerebral cortex in Pavlovian condition-
ing. Thus, one possibility could be that retention lesions of barrel
cortex disrupted neocortical inhibition that then contributed to
the increase in nonadaptive CRs. The previous studies also found
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that decorticate animals failed to exhibit learning-induced
changes in CR onset (Oakley and Russell 1972, 1975; Moore et al.
1980); however, in the present study, we observed no significant
difference in adaptive versus nonadaptive CR onset, suggesting a
different mechanism in trace conditioning.

Auditory test

All animals received an auditory test after the trace training and
trace testing phases of the experiment (Fig. 1, gray boxes; see
Behavioral Training) to determine if they were using auditory
cues to learn the association. During the auditory test, the piezo-
electric strip was adjacent, but not attached, to the animal’s whis-
kers. Animals exhibited a significant reduction in the percentage
of adaptive CRs compared with performance on the previous day
for acquisition and retention sham animals (F s4) = 282.50;
P < 0.05) (Fig. 3). Furthermore, performance during the auditory
test for all of the groups did not significantly differ from pseudo-
conditioned animals on the pervious day, suggesting that audi-
tory cues did not contribute to performance of the task.

Delay

All rabbits were trained for an additional 4 d with a delay con-
ditioning paradigm upon completion of the trace testing phase
of the experiment (Fig. 1). Acquisition of delay conditioning is
dependent upon brainstem and cerebellum circuitry (Theios and
Brelsford Jr. 1966; Norman et al. 1977; Oakley and Russell 1977;
Mauk and Thompson 1987), while trace conditioning is addi-
tionally dependent upon forebrain circuitry, as discussed by
Berger and Bassett (1992), Weiss and Disterhoft (1996), and
Weiss et al. (2006). Failure to learn delay conditioning (achieve a
minimum of 80% adaptive CRs within a block of 10 consecutive
trials) would be indicative of a more profound disruption of the
basic neural circuitry that would preclude acquisition of the more
complex trace CR, and would therefore result in exclusion from
the experiment. All lesion and sham animals acquired delay eye-
blink conditioning normally (Fig. 3).

Discussion

Previous work has demonstrated that whisker deflection can be
used as a CS for trace conditioning (Galvez et al. 2006; Leal-
Campanario et al. 2006). This form of conditioning also induces
learning- and whisker-specific changes in primary somatosensory
barrel cortex compared with pseudo-conditioned animals, indi-
cating that the expansion was not simply due to use (Galvez et al.
2006), suggesting that the barrel cortex could be a site for long-

A
CS UA
250 ms 150 ms

Adaptive CR

Nonadaptfve CR

Figure 4. lllustration of adaptive and nonadaptive conditioned re-
sponses for retention lesion animals during trace testing. (A) Schematic of
the trace conditioning paradigm used. CS indicates conditioned stimulus;
US, unconditioned stimulus. (B) Example of an adaptive and nonadaptive
conditioned response (CR) on day one of trace testing exhibited by a
retention lesion animal. Upward deflection represents a sweep of the
nictitating membrane across the cornea.
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Table 1. Conditioned response (CR) properties for adaptive
and nonadaptive blinks for retention lesion animals during
trace testing

Adaptive CRs Nonadaptive CRs

Onset (msec) 196 = 16 202 =17
Peak height (mV)? 0.54 = 0.05 0.28 + 0.03
Peak time (msec)? 418 += 25 284 + 18
Duration (msec)? 503 + 18 240 = 11
Area (mV*msec)? 135 + 12 40 + 5

Retention lesion animals did not exhibit a significant difference in adap-
tive vs. nonadaptive CR onset during trace testing. However, nonadaptive
CRs were significantly smaller and shorter and peaked earlier compared
with adaptive CRs. Values represent means for all 5 d of trace testing
+SEM. Time 0 = CS onset.

“P<0.05

term storage of an aspect of the trace association. To examine the
role of the barrel cortex in acquisition and retrieval of the trace
eyeblink association, the barrel cortex was lesioned prior to (ac-
quisition group) or following (retention group) trace condition-
ing. The acquisition lesion group was unable to learn the trace
association (Fig. 3A), suggesting that the barrel cortex is critically
involved in forming trace associations. The retention lesion
group exhibited a significant reduction in the percentage of
adaptive CRs (Fig. 3B), suggesting that an aspect of the memory
for the trace association is stored in barrel cortex. Note this does
not necessarily suggest that barrel cortex is a site of convergence
for the CS and US, a possibility that seems unlikely given the
input to this cortical region. Rather, the learning-specific change
in this primary sensory neocortical region more likely reflects an
enhancement in the response to the vibrissae CS input as this
input gains increased behavioral significance during learning.
Such an enhancement has been reported in other sensory regions
after various types of learning (Disterhoft and Stuart 1976; Kitzes
et al. 1978; Kraus and Disterhoft 1981; Diamond and Weinberger
1986, 1989; Jenkins et al. 1990; Recanzone et al. 1992, 1993;
Edeline et al. 1993; Darian-Smith and Gilbert, 1994, 1995;
Schoups et al. 2001; Ghose et al. 2002; Krupa et al. 2004; Rut-
kowski and Weinberger 2005). Since both the lesion and sham
animals were able to learn delay conditioning, barrel cortical le-
sions did not impair the animals’ ability to sense and respond to
the CS. By lesioning the barrel cortex, we only removed neocor-
tical involvement in processing the CS.

It is well established that acquisition of trace associations
requires hippocampal processing. Hippocampal lesions per-
formed prior to conditioning completely abolish an animal’s
ability to form trace associations (Solomon et al. 1986; Moyer ]Jr.
et al. 1990; Kim et al. 1995; McGlinchey-Berroth et al. 1997;
Clark and Squire 1998; Weiss et al. 1999; Takehara et al. 2002;
Tseng et al. 2004). Given known neocortical projections to hip-
pocampus via entorhinal cortex, barrel cortical lesions may have
prevented primary input for the CS from entering the hippocam-
pus. In addition to cortical input, the hippocampus also receives
input from the thalamus (Van der Werf et al. 2002; McKenna and
Vertes 2004). However, given the inability of acquisition lesion
animals to form the trace association, it would seem that these
projections are not sufficient to mediate the initial acquisition of
the trace association.

As the trace association is consolidated, the hippocampus
becomes less engaged while, it is hypothesized, the neocortex
permanently stores the trace association (Eichenbaum et al.
1992; Squire et al. 2004). Our retention lesion group exhibited
significantly more nonadaptive CRs than did sham controls (Fig.
4), suggesting that barrel cortical lesions compromised their abil-
ity to exhibit appropriately timed CRs. These observations, along

with our prior analysis of conditioning-induced expansion of
trained cortical barrels, further suggest that barrel cortex plays
a role in storing the memory for, or an aspect of, the timing for
the CR.

Barrel cortical lesions in the acquisition group blocked the
animals’ ability to acquire the trace conditioned response. In
contrast, the retention lesion group, following an initial drop in
percentage of adaptive CRs, was able to reacquire the trace asso-
ciation in subsequent trace testing sessions, suggesting that an-
other brain region was able to compensate for the missing corti-
cal barrels if the association had been previously learned. A likely
structure, ideally positioned to compensate for the missing cor-
tex, would be the thalamus. Tactile information from individual
whisker deflections is sent as a topographically organized map of
the whisker pad on the face from thalamic barreloids to somato-
sensory barrel cortex (Woolsey and Van der Loos 1970). Further-
more, studies have demonstrated that not only can the thalamus
undergo plastic changes (Jensen and Killackey 1987; Catalano et
al. 1995; Krupa et al. 1999) but thalamic plasticity may be regu-
lated by feedback projections from somatosensory cortex (Krupa
et al. 1999). This required somatosensory-thalamic feedback for
induction of thalamic plasticity (Krupa et al. 1999) could explain
why thalamic involvement alone was insufficient to mediate
learning in the acquisition lesion group.

In addition to possible thalamic plasticity, a conditioning-
induced neuronal network for the long-term storage of the trace
association could also account for the retention lesion group’s
ability to recover during trace testing. As an animal learns a trace
association, it is believed that the memory for the association is
slowly stored in the neocortex (Eichenbaum et al. 1992; Squire et
al. 2004). However, the exact time course for this event is un-
known. Studies of single neuron activity during trace condition-
ing have demonstrated that hippocampal neurons exhibit a ro-
bust learning-related pattern of activity during initial acquisition
of the trace association that decreases over subsequent days of
training (McEchron and Disterhoft 1997; McEchron et al. 2001;
Weible et al. 2006). However, by the end of training, hippocam-
pal neurons continue to exhibit learning-related patterns of neu-
ronal activity, although not as robustly as during initial acquisi-
tion (McEchron and Disterhoft 1997; McEchron et al. 2001;
Weible et al. 2006). This persistence of learning-related hippo-
campal activity could suggest that the memory for the trace as-
sociation is still in a transitional phase from the hippocampus to
long-term storage in the neocortex (McLaughlin et al. 2002;
Powell and Churchwell 2002; Takehara et al. 2002, 2003;
Frankland et al. 2006). By lesioning the barrel cortex at the end of
the trace training phase of the experiment and thus removing
CS-related input to the entorhinal/hippocampal circuit (reten-
tion lesion group), we may have removed hippocampal involve-
ment in contributing to the trace association, leaving an imma-
ture memory network in the neocortex to take on the load of the
association. Since the initial neuronal changes mediating the
trace association would have already been established in the neo-
cortex, additional days of training would strengthen these corti-
cal connections and thus improve performance as was observed.

Although this is a plausible hypothesis, we must also ac-
count for our observed increase in the frequency of nonadaptive
CRs in retention lesion animals during trace testing. One way to
account for this observation, along with the previously observed
conditioning-induced whisker-specific expansion of CO-stained
cortical barrels (Galvez et al. 2006), is for an aspect of the trace
association to be stored in barrel cortex. If barrel cortex was only
a passive structure providing input to the hippocampal system,
there would be no reason for it to undergo the energy taxing
process of expanding the trained cortical barrels, as exhibited by
increased CO-stained cortical barrel size (Galvez et al. 2006), or
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for the animal to exhibit a loss in ability to exhibit appropriately
timed blinks after barrel cortical lesions. Thus during the later
phase of trace conditioning, as the association is being stored in
the neocortex, according to both this and the previous hypoth-
esis, the barrel cortex provides a site of storage for an aspect of the
trace association.

The retention lesion group’s ability to recover during trace
testing could also involve recruitment of secondary somatosen-
sory cortex or the contralateral somatosensory cortex. Studies
examining performance in a T-maze using whisker stimulation to
signal the appropriate response have also demonstrated reacqui-
sition following post-training barrel cortical lesions (Hurwitz et
al. 1990, 1991; Pazos et al. 1995). These studies demonstrated
that rats were able to reacquire the task following both unilateral
and bilateral lesions of both primary and secondary somatosen-
sory cortex (Pazos et al. 1995), suggesting that the reacquisition
was not due to recruitment of these regions. Although these stud-
ies further suggest that secondary somatosensory cortex and con-
tralateral primary somatosensory cortex are not likely to be re-
sponsible for the observed reacquisition in the present study,
without a detailed analysis of these regions in our retention le-
sion animals, their possible involvement in reacquisition of the
trace association cannot be excluded.

Our analyses clearly demonstrate that the barrel cortex plays
a critical role in learning trace associations when whisker deflec-
tion is used as a CS. Furthermore, this study along with our pre-
vious analysis of post-training cortical barrel size, strongly sug-
gest that an aspect of the trace association, possibly timing for
the CR, either resides in or is regulated by barrel cortex.

Materials and Methods

Animals

A total of forty 3-mo-old female New Zealand White albino rab-
bits (Covance) were used in the present study. All rabbits were
housed individually, on a 14-h light/10-h dark cycle, and fed ad
libitum. All procedures described were performed in accordance
with guidelines approved by Northwestern University’s Animal
Care and Use Committee.

Surgical procedures

Rabbits received cortical infusions of ibotenic acid (Lesion) or
saline vehicle (Sham), prior to either 10 d of trace conditioning
(trace training; acquisition groups) or five subsequent days of
retention testing (trace testing; retention groups) (Fig. 1). The
surgical procedures involved were identical except where specifi-
cally noted. All surgeries were performed using sterile procedures.
Ketamine (60 mg/kg) and Xylazine (10 mg/kg) were administered
intramuscularly to anesthetize animals prior to surgery. Eyes
were kept moist with a thin layer of antibacterial ophthalmic
ointment. Animals were positioned in a stereotaxic frame, with
lambda 1.5 mm below bregma. An incision was made along the
midline of the scalp, and the scalp and underlying fascia were
retracted, exposing the skull. Four holes were drilled in the skull
for the placement of self-tapping stainless-steel anchor screws
(#2 X ¥4"), two of which would serve as ground and reference
contacts during the electrophysiological identification of cortical
barrel neurons responsive to manual deflection of B-row whiskers
(see Electrophysiological Procedures).

For acquisition animals, a 3.0-mm-diameter hole was drilled
in the skull overlying the cortical barrel field, centered at 7.0 mm
lateral and 2.0 mm posterior to bregma, contralateral to the
trained side of the face. Barrels with neurons responsive to de-
flection of B-row whiskers were identified (see Electrophysiologi-
cal Procedures). The coordinates at which responsive neurons
were found were used as the infusion locus of either 3.0 uL of
ibotenic acid (lesion group) or saline vehicle (sham group) (see
Infusion Procedures). Following infusion, the opening in the
skull was packed with Gelfoam (Pharmacacia & Upjohn), and an
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atraumatic headbolt assembly was attached to the skull. A 1.0-cm
length of 26-ga. hypodermic tubing was positioned vertically
above bregma, which was fixed in place with dental acrylic. Den-
tal acrylic was used to cover the surface of the skull, as well as to
secure the headbolt assembly in place for subsequent behavioral
training.

For retention animals, during the initial surgical procedure,
a 1.0-cm length of 26-ga. hypodermic tubing, positioned verti-
cally above bregma, and atraumatic headbolt assembly were af-
fixed to the skull surface, but no hole overlaying the barrel cortex
was drilled. Following the first auditory test session (see Behav-
ioral Training), animals were prepared for a second surgery as
described above. The dental acrylic overlying the barrel cortex
was removed, and a 3.0-mm-diameter hole was drilled through
the skull, 7.0 mm lateral and 2.0 mm posterior to the 26-ga.
hypodermic tubing marking bregma. The same procedure for
identification of neurons responsive to manual B-row vibrissae
deflection and the injection of ibotenic acid or saline vehicle for
acquisition lesion and sham animals was used. Following this
procedure, the hole in the skull was packed with Gelfoam and
covered again with dental acrylic.

Following all surgical procedures, animals were adminis-
tered buprenorphine (0.06 mg/kg) at 12-h intervals for 36 h to
minimize post-surgical discomfort.

Electrophysiological procedure

While still anesthetized, a pair of stainless-steel screws set into
the skull served as ground and reference connections. A single,
Teflon-coated, stainless-steel wire electrode (50-pm diameter
bare, 112-um diameter coated, 0.5 M) was lowered through a
small incision in the dura, at 7.25 mm lateral and 2.25 mm pos-
terior to bregma. The electrode was lowered to an initial depth of
0.8 mm ventral to the dura, where it remained at rest for 5 min
to allow the tissue to settle, and was then lowered at additional
100-um increments. Following each incremental increase in
depth, vibrissae on the contralateral side of the head were stimu-
lated manually with a cotton-tipped applicator. Neuronal activ-
ity from the electrode was passed to a headstage amplifier (HS-27)
via a customized adapter, buffered by the HS-27, filtered (600-
6000 Hz), amplified (20,000 X ), and monitored using a Neuralynx
Cheetah-32 System (Neuralynx) with an audio channel. If no
responsive neurons were identified between depths of 0.8-1.4
mm ventral to the dura, the same procedure was repeated at
adjacent ML/AP coordinates until neurons responsive to B-row
vibrissae deflection were identified.

Infusion procedure

Infusions of 3 pL of either 1.0% ibotenic acid or saline vehicle
were made at the same coordinates at which neurons responsive
to B-row vibrissae deflection were monitored. Infusions were
made using a 10-pL Hamilton syringe with a 26-ga. hypodermic
needle. The needle was lowered to a depth of 0.9 mm ventral to
the dura, where it remained at rest for 5 min to allow the tissue
to settle. The 3 pL volume was injected in 100-nL increments,
separated by 1-min intervals. After the full volume was injected,
the syringe was maintained at depth for an additional 5 min and
then removed.

Behavioral training

Training for all animals began 7 d following the initial surgical
procedure (Fig. 1). During habituation and conditioning ses-
sions, rabbits were restrained up to the neck using a cloth bag and
Plexiglas restrainer, from which the head was allowed to pro-
trude. The lids of the trained eye were held open with a Velcro
strap and two stainless steel dress hooks. A lightweight alumi-
num assembly secured an infrared sensor and air-puff delivery
tube to the headbolt for the duration of each training session.
The head was immobilized by an adjustable bar fixed to the head-
bolt.

Computers running routines written on LabView software
controlled the delivery of all stimuli and acquired behavioral
data. Each trace conditioning session consisted of 80 trials, with
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a pseudo-randomly varied intertrial interval (ITI) of 30-60 sec. A
1750-msec behavioral data window was recorded for each trial,
consisting of a 500-msec pre-CS baseline interval, 250-msec CS
and 150-msec US intervals separated by a 500-msec stimulus-free
trace interval, and a 350-msec post-US interval. For the CS, whis-
kers B1-B6 were attached 1.0-1.5 cm from the animal’s face to a
stock card paper applicator that was then attached to a flat pi-
ezoceramic strip (T220-A4-303; Piezo Systems). To generate the
CS, 120-V AC was delivered to the piezoceramic strip generating
a 60-Hz, 130-pm dorsal-ventral deflection of the attached whis-
kers (Das et al. 2001; Galvez et al. 2006). All efforts were made to
insure that the piezoceramic strip did not contact any whiskers in
adjacent rows. White noise (70 dB) was also generated from
speakers on each side of the animal’s head throughout all ha-
bituation and conditioning sessions to reduce the likelihood of
auditory stimuli contributing to CR performance. An air-puff (3.5
psi) to the eye ipsilateral to the trained whiskers served as the US.
The infrared sensor suspended in front of the eye measured re-
flectance from the surface of the cornea. The computer recorded
extension of the nictitating membrane across the surface of the
cornea as an increase in signal voltage. This voltage was recorded
by the computer at 1 kHz for a total of 1750 data points per trial.
An eyeblink was defined on a trial-by-trial basis, as an increase in
voltage >4 SDs above the mean baseline voltage. Conditioned
eyeblinks that persisted through US onset were defined as “adap-
tive” CRs. Pseudo-conditioned animals received 80 presentations
of the CS and 80 presentations of the US, pseudo-randomly pre-
sented in an unpaired fashion (pseudo-randomly varied 15-30
sec ITI). Trace and pseudo-conditioning sessions were both 1 h in
duration.

Following 1 d of habituation, all animals received 10 daily
sessions of either trace or pseudo-conditioning. On the day fol-
lowing the 10th day of trace training, all rabbits received the first
of two 20 trial auditory tests. The auditory tests were identical to
the trace training sessions, with the exception that the piezo-
ceramic stimulator was not physically attached, but adjacent, to
the trained whiskers. These abbreviated sessions were designed to
test for the possibility of an auditory stimulus contributing to CR
performance.

Immediately following the first auditory test, the second
surgery was performed on those animals assigned to the reten-
tion group, to identify and then infuse either saline or ibotenic
acid into B-row cortical barrels. Following a 7 d post-operative
recovery period, all animals were trained for an additional 5 d to
test the effect of ibotenic acid lesions on the retention of the
previously acquired conditioned response. On the day following
the fifth trace testing session, the second auditory test was per-
formed.

Finally, all trace and pseudo-conditioned animals under-
went 4 d of delay conditioning. During delay conditioning, the
500-msec trace interval was decreased to O msec, so the whisker
deflection CS immediately preceded the 150-msec air-puff US.
Criterion performance during delay conditioning was a single
session performance with a minimum of 80% adaptive CRs
within a block of 10 consecutive trails.

Histology

Animals were euthanized by intravenous administration of a le-
thal dose of sodium pentobarbital (97.5 mg/kg). All animals were
then perfused transcardially with 1.0 L of phosphate buffered
saline (PBS; pH 7.4) followed by 1.0 L 2% paraformaldehyde for
light fixation. The neocortex was dissected off, flattened (Stro-
minger and Woolsey 1987) and post-fixed overnight in 4% para-
formaldehyde. Flattened cortices were then cryoprotected in 30%
sucrose in PBS and sectioned (30 pm) parallel to the cortical
surface with a cryostat.

For barrel and lesion visualization, every second and third
section was stained for either CO or Nissl, as previously described
(Galvez et al. 2006). Briefly, for CO free-floating sections were
placed in staining solution (0.05% DAB, 0.03% cytochrome C,
4% sucrose in PBS) for 6 h at 37°C to ensure consistent staining.
Staining for CO was then terminated via a series of PBS washes,

and sections were then mounted onto gelatin-coated slides for
histological analysis of cortical whisker barrels. For Nissl staining,
sections were mounted onto slides and stained according to a
standard cresyl violet staining protocol.

Analysis

Four animals were dropped from the experiment due to health
concerns, leaving a total of 36 animals. Statistical analyses were
conducted on seven acquisition sham, six acquisition lesion,
three acquisition pseudo sham, four acquisition pseudo lesion,
eight retention sham, and eight retention lesion animals using a
mixed general-linear-model (GLM)-ANOVA on Statistical Analy-
sis Software (SAS; SPSS Science) with days of training as within-
animal and training group as between-animal variables. In spe-
cific instances, post hoc analyses were performed to determine
individual group and day differences.
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