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INVERTED-U FUNCTION RELATING CORTICAL PLASTICITY AND

TASK DIFFICULTY
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Abstract—Many psychological and physiological studies with
simple stimuli have suggested that perceptual learning specif-
ically enhances the response of primary sensory cortex to task-
relevant stimuli. The aim of this study was to determine whether
auditory discrimination training on complex tasks enhances
primary auditory cortex responses to a target sequence relative
to non-target and novel sequences. We collected responses
from more than 2000 sites in 31 rats trained on one of six
discrimination tasks that differed primarily in the similarity of
the target and distractor sequences. Unlike training with simple
stimuli, long-term training with complex stimuli did not generate
target-specific enhancement in any of the groups. Instead, cor-
tical receptive field size decreased, latency decreased, and
paired pulse depression decreased in rats trained on the tasks
of intermediate difficulty, whereas tasks that were too easy or
too difficult either did not alter or degraded cortical responses.
These results suggest an inverted-U function relating neural
plasticity and task difficulty. © 2012 IBRO. Published by Elsevier
Ltd. All rights reserved.

Key words: task difficulty, sequence learning, cortical plas-
ticity, auditory cortex, operant training.

Performance on visual, auditory, or somatosensory dis-
crimination tasks improves with practice and is generally
specific for the trained stimulus (Ball and Sekuler, 1982;
Recanzone et al., 1992a; Ahissar and Hochstein, 1997;
Fahle, 1997; Wright et al., 1997; Irvine et al., 2000; Kar-
markar and Buonomano, 2003; van Wassenhove and Na-
garajan, 2007). In many cases, the improved performance
is correlated with expanded cortical maps, receptive field
selectivity, or improved signal to noise ratio that is stimulus
specific (Karni and Sagi, 1991; Recanzone et al., 1992b,
1993; Zohary et al., 1994; Elbert et al., 1995; Schoups et
al., 2001; Fritz et al., 2003; Rutkowski and Weinberger,
2005; but see Brown et al., 2004; Ghose, 2004). Motivation
s believed to regulate learning and plasticity (Bao et al.,
004; Blake et al., 2006), although previous experiments
ave shown that plasticity and learning effects in animal
odels and human individuals can be achieved using
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assive exposure to stimuli (Dinse et al., 2003; Lotze et al.,
003; Frenkel et al., 2006; but see Recanzone et al., 1993;
akin and Weinberger, 1996; Irvine et al., 2000; Bao et al.,
001). Cortical acetylcholine, which is released during op-
rant training, modulates both learning and plasticity
Orsetti et al., 1996; Himmelheber et al., 2000). Repeat-
dly pairing simple tones with electrical stimulation of the
holinergic nucleus basalis (NB) results in receptive field,
ap, and temporal plasticity similar to that observed after
perant training (Kilgard and Merzenich, 1998a,b; Bao et
l., 2004). When a high tone, a low tone, and a noise burst
eparated by 100 ms (HLN) were paired with NB stimula-
ion, the majority of primary auditory cortex (A1) neurons
xhibited response facilitation that was specific to the
aired sequence. The observations that exposure to com-
lex stimuli can generate order- and interval-specific plas-
icity suggests these forms of plasticity could contribute to
earning of natural stimuli (Kilgard and Merzenich, 1998b,
002). Order- and interval-specific responses to behavior-
lly relevant vocalizations in birds, bats, monkeys, and
errets further support this hypothesis (Fitzpatrick et al.,
993; Wang and Kadia, 2001; Gentner and Margoliash,
003; Schnupp et al., 2006). However, it is not known
hether cortical plasticity represents a general strategy for

earning complex stimuli in mammals.
In this study, rats were trained to discriminate a target

equence from one or more distractor sequences (Fig. 1)
o test the hypotheses that training (1) increases the re-
ponse to the target stimulus relative to novel stimuli (as
bserved following operant training with simple stimuli) or
2) results in sequence-specific facilitation (as observed
fter the sequence was paired with NB stimulation).

EXPERIMENTAL PROCEDURES

Rats were experimentally naive young adults (200–250 g) at the start
of training or sound exposure. They were food deprived for �12–14

before training or exposure. Water was provided ad libitum at all
imes, and rats were maintained at 80–85% of their body weight.
ach rat trained for two sessions a day for 1–1½ h per session, 5
ays a week. Rats were housed individually at the Animal Facility at
he University of Texas at Dallas and were maintained on a reverse
2-h light/dark cycle. Constant temperature and humidity were main-
ained in the rat colony room. Protocols and recording procedures
onformed to the Ethical Treatment of Animals (NIH) and were
pproved by the Institutional Animal Care and Use Committee at the
niversity of Texas at Dallas. Both the number of animals used and

heir suffering was minimized.

Behavioral training

Thirty-one rats trained on go/no-go operant conditioning tasks for

a period of �3 months (Fig. 1). Rats were trained in an operant
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cage (8� L�8� W�8 � H) placed inside a sound-attenuated booth
(19� L�10.5� W�20� H) in a closed room, and their behavior was
monitored on a video monitor outside the room. A light source
(house light) was affixed inside the booth and a second light

Fig. 1. Schematic of the go/no-go tasks and task performance. (a) Ra
to withhold from pressing to 0, 1, or 3 distractor sounds (depending on
a rapid HLN sequence (100 ms stimulus onset asynchrony). (i) Simple
element task, the distractors were the high tone, the low tone, and the
triplet distractor task, the three distractor sequences were the same
distractors were added during training was reversed. (v) In the reverse
For the frequency discrimination task, rats had to discriminate a targ
asterisk (*) over a distractor sound indicates that rats were able to discr
all rats were anesthetized and multi-unit responses were recorded from
of training for each of the tasks (mean�SEM).
source (cage light) was placed just above a lever inside the cage.
Lever press triggered the delivery of a sugar pellet from a dis-
penser into a receptacle placed inside the cage. Sound stimuli
were delivered through a calibrated speaker (Motorola 40–1221,
Radio Shack, Fort Worth, TX, USA) mounted outside the operant

equired to lever press in response to the target sequence (CS�) and
. In all but the frequency discrimination task, the target sequence was
ection task. No distractor sounds were presented. (ii) In the sequence
urst elements presented individually. (iii, iv) In the two variants of the
h tones, three low tones, and three noise bursts), but the order the
k, the distractor was the target sequence played in reverse (NLH). (vi)
ne sequence (LLL) from a distractor high tone sequence (HHH). An
e sound from the target sound (d-prime above chance). After training,
cortex neurons. (b) Behavioral performance d-primes on the last day
ts were r
the task)
HLN det
noise b

(three hig
order tas
et low to
iminate th

auditory
cage and �10 cm away from the rat’s left ear. Acoustic stimuli
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were presented at 55 dB SPL. Lever presses and light status were
monitored and recorded using custom programs (MATLAB, Math-
Works) and Tucker-Davis Technologies hardware and software.

Training involved three stages: an initial shaping stage, de-
tection stage, and a discrimination stage. During the shaping
stage, lever press triggered the presentation of the target se-
quence (along with activation of the cage light) followed by the
delivery of a food reward. Rats were typically able to master the
shaping task within a week. During the detection stage, rats were
conditioned to press the lever within 3 s of the onset of the target
(CS�) sequence. Pressing the lever at any other time resulted in
a 6 s time out signaled by extinguishing the house light. The
sequence was delivered every 10 s and was randomly inter-
spersed with silent catch trials to quantify detection performance
and achieve good stimulus control. Once rats mastered this task,
they were required to discriminate the target sequence from one
or more distractor (CS�) sequences. Target sounds, distractor
sounds, and silent trials were randomly interleaved and presented
every 7–10 s. Rats were rewarded for lever presses within 3 s of
target sequence onset. There was no punishment for misses.
Pressing the lever on a CS� trial resulted in a 6-s time out
signaled by extinguishing the house light (false alarm). The house
light was dim, and extinguishing the light was a punishment to the
rat because it signaled that no more sounds would be delivered
and thus there was no chance to receive a food reward during the
time out period. No reward was provided for correct rejection of
distractors. If rats continued to press the lever during the CS� trial
or 3 s after the onset of the CS� trial, the start of the next trial was
delayed. If the rat stopped performing the task (missed five con-
secutive target sounds without any lever presses) during a ses-
sion, the house light was extinguished, a light over the lever was
illuminated, and the start of the next trial was delayed until the rat
initiated the trial by pressing the lever. Such a break in the task
generally only occurred when the rats reached satiety and fell
asleep or while the rats were drinking from the water bottle. Each
session consisted of �400–450 trials. All sounds were 25 ms long
with 3 ms ramps with a stimulus onset asynchrony of 100 ms. The
frequencies for the high (H) and low (L) tones were 12 kHz and 5
kHz, respectively. The noise burst (N) consisted of frozen white
noise with a bandwidth of 1.2–30 kHz that was generated using
SigGen software (Tucker-Davis Technologies).

In addition to the go/no-go tasks, four additional rats trained
on an adaptive frequency discrimination task. The target stimulus
was a train of 5.66 kHz tones (six tone bursts, 55 dB SPL pre-
sented at 5 Hz, each tone was 25 ms in duration), whereas the
distractor stimuli ranged from 6.22 to 8.2 kHz, or from 0.13 to 0.54
octaves away from the target stimulus (compared with the fre-
quency discrimination task in which only a single distractor was
presented). Four rats were exposed to sound sequences, and the
remaining rats (n�7) were age matched experimentally naive
controls. The exposure group heard the sound sequences: HLN,
NNN, LLL and HHH. Sound delivery was uncorrelated with the
delivery of food pellets. On average, exposure rats heard approx-
imately the same number of sounds and received approximately
the same number of pellets as the trained groups, and were
exposed to the sequence sounds for a period equivalent to that of
the trained groups.

Cortical mapping and stimulus presentation

Within 24 h of the last training session, each rat was anesthetized
with pentobarbital, and action potentials were recorded from the
right primary auditory cortex in response to tones and tone-noise
sequences. The surgical procedures have been described previ-
ously (Engineer et al., 2004). Auditory stimuli were delivered from
the left side of the rat through a calibrated speaker positioned 10
cm from the left ear in a shielded, double-walled sound attenuating
chamber. Frequencies and intensities were calibrated using a

B&K sound-level meter. Action potentials were recorded simulta-
neously from two parylene-coated tungsten microelectrodes
(FHC, 250 mm separation, 2 M�). The neural signals were filtered
(0.3–8 kHz) and amplified (10,000 times). Cortical responses
were recorded at a depth of approximately 550–650 �m, corre-
ponding to layers IV/V. Action potential waveforms were re-
orded whenever a set threshold was exceeded. A detailed map
f auditory cortex was generated from 40 to 70 microelectrode
enetrations during a typical mapping experiment. Frequency-

ntensity tuning curves were derived at each site by presenting a
ingle repetition of 41 logarithmically spaced frequencies from 1 to
2 kHz at 16 intensities from 0 to 75 dB SPL (656 stimuli). All of
he sounds used in each of the tasks (HLN, NLH, HHH, LLL, NNN,
, L, and N) were presented 20 times at every site. Eight addi-

ional sequence stimuli not presented during training were also
resented at each recording site (16 sequence stimuli�20 repe-
itions each�320 total sequence stimuli). The H and L frequencies
ere the same as that used during behavioral training. All sounds
ere separated by 1300 ms and randomly interleaved. The stim-
lus set took approximately 21 min per recording site.

Data analysis

Behavioral performance was quantified using d-prime, a standard
measure based on signal detection theory (Green and Swets,
1966). Paired t-tests were used to compare first and final day
performance. As no behavioral data were collected from the ex-
posure group, the trivial “task” of eating randomly presented pel-
lets was assigned a d-prime of 2.5, which is higher than the
easiest task (detection) but not perfect (d’�3.0) performance (Re-
canzone et al., 1992a; Macmillan and Creelman, 2005). The re-
sults change little if other values are selected.

Tuning curve parameters were defined by an experienced
blind observer using custom software that randomized the order of
data from each recording site across all groups. The characteristic
frequency (CF) is the frequency that evokes a reliable response at
the lowest intensity (response threshold). The borders of A1 were
defined based on continuous topography of CF and short re-
sponse latency. Sites with high thresholds, long latencies, broad
tuning, and discontinuities in CF topography were considered
non-A1. Criteria for identifying non-A1 sites were subjective and
were applied by well-trained blind observers. Characteristic fre-
quency, bandwidth (BW), response threshold, spontaneous rate,
and latency measurements were recorded for each penetration.
The receptive field (bandwidth) was characterized at each site and
was defined as the range of frequencies that responded to a
sound at 10, 20, 30, and 40 dB above neural threshold at an
individual site. Post stimulus time histograms (PSTH) were cre-
ated in response to all tones that were within each site’s receptive
field and in response to each acoustic sequence. Peak latency
was defined as the time from stimulus onset until the peak in the
PSTH.

Neural responses to the stimuli presented during behavior
training and several variations of the paired sequence were also
included as part of the stimulus set. Twenty repetitions of each of
the sequence elements presented alone and in the following
combinations were randomly interleaved: HLN (50, 100, 200 ms),
NLH (100 ms), LHN (100 ms), LN (100 ms), HN (200 ms), LLL
(100 ms), HHH (100 ms), and NNN (100 ms). Neural responses
were evaluated by documenting the number of spikes to a se-
quence element in a 25 ms window when preceded by other
elements of the sequence compared with the response to the
same element in isolation. The suppression index was quantified
as 100 times the logarithm base two of the ratio of the number of
spikes in response to a stimulus element in the context of a
sequence and the number of spikes in response to the same
element in isolation (Kilgard and Merzenich, 2002). A value of zero
indicates no facilitation or suppression, whereas a value of 100
indicates 50% suppression. In all cases, error bars reflect stan-

dard error of the mean. For multiple comparisons, one way be-
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tween groups ANOVA was performed followed by Tukey’s hon-
estly significant difference (HSD) test with significance determined
at P	0.05 to determine specific differences between groups.

RESULTS

Behavioral performance

One group of rats was rewarded for pressing a lever in
response to the HLN sequence in the absence of any
distractors (Fig. 1a, task i). The remaining five groups
had to respond to a target sequence and withhold respond-
ing to non-target sequences. Three groups of rats were
trained to discriminate the HLN sequence from three ran-
domly interleaved distractor sequences (Fig. 1a, task ii–iv;
see experimental procedures for task description). The
distractors were composed of the same sequence ele-
ments as the target. In the sequence element task (Fig. 1a,
task ii), the distractors were the individual H, the L, and the
N stimuli. In the triplet distractor tasks (Fig. 1a, tasks iii and
iv), rats were trained to discriminate the HLN sequence
from sequences of three high tones (HHH), three low tones
(LLL), and three noise bursts (NNN). The HHH distractor
was added first for one group (Fig. 1a, task iii—high first)
and the NNN was added first for another group (Fig. 1a,
task iv—noise first), but the target and the final set of
distractors were identical in both groups. In the reverse
order task (Fig. 1a, task v), the distractor was identical to
the target played in reverse (NLH). The sixth group of rats
were trained on a frequency discrimination task (LLL vs.
HHH, Fig. 1a, task vi).

Rats rapidly learned to respond to the target sequence
(Fig. 2, black lines). Although rats were able to easily reject
the distractor if it differed in frequency, they had more
difficulty rejecting the distractors that were composed of
the same elements as the target sequence. For the triplet
distractor groups (Fig. 1a, tasks iii and iv), the order of
triplet distractor addition during training had a significant
influence on behavioral performance. When HHH was the
first distractor added, rats learned to ignore all three dis-
tractor sequences by the end of training. When NNN was
the first distractor, rats learned to ignore this sequence, but
did not learn to ignore the two tonal distractors added
subsequently. Performance on the sequence element dis-
crimination was not significantly different from the triplet
distractor groups. Finally, the reverse order (NLH) distrac-
tor group was unable to acquire the task even after many
weeks of training. Performance measures (d-prime) for all
trained groups on the last day of training are shown in
Fig. 1b.

Plasticity in primary auditory cortex

To test for target-specific enhancement and sequence-
specific facilitation, we quantified multi-unit responses from
A1 neurons in trained rats and compared them with re-
sponses from naive rats and from a group of rats passively
exposed to the sequences (see experimental procedures).
We obtained responses from 57.3�16 (mean�SD) A1
sites from each barbiturate anesthetized rat (n�42 rats).

Analysis of variance (ANOVA) revealed that discrimination p
training with complex sequences did not lead to target-
specific enhancement or stimulus-specific facilitation (fre-
quency, combination, order, or interval specific) of cortical
responses. The response to the target HLN sequence was
enhanced in trained groups compared with naive con-
trols (HLN: F(5, 1694)�11.49, MS�46.1, P	0.000001). In
tasks with LLL, HHH and NNN as distractors (High first and
Noise first groups), enhanced responses to each of these
sequences was observed compared with controls (Fig. 3).
After frequency discrimination training, responses to both
the target (LLL) and distractor (HHH) were enhanced com-
pared with controls (LLL: 2.2�0.1 vs. 1.8�0.1 spikes,
P	0.01, HHH: 1.9�0.1 vs. 1.3�0.08, P	0.000001). For
the reverse order group, responses to the target (HLN) and
distractor (NLH) were enhanced compared with controls
(HLN: 2.4�0.09 vs. 2.9�0.1 spikes, P	0.01, NLH:
2.4�0.09 vs. 2.8�0.1, P	0.001). We also quantified re-
sponses to novel sequences (sequences played during the
acute recording sessions but not used in the training) in
each of the trained rats. For all trained rats, except the
reverse order group, NLH was the novel sequence. For the
reverse order group, HHH was used as the novel se-
quence. The response to NLH was enhanced in trained
groups compared with controls (Fig. 3, column 5 (black
trace); F(5, 1809)�8.35, MS�34.8, P	0.000001). The re-
sponse to HHH was also enhanced after reverse order
discrimination training compared with controls (Student’s
t-test, P	0.000001). Although no group exhibited plasticity
that was specific to the target (or distractor) sequence,
significant group differences were observed in neural re-
sponsiveness and frequency tuning.

Sequence training generated plasticity in cortical re-
ceptive field size, paired-pulse depression, and response
latency that appeared to be improved as an inverted-U
function of task difficulty. Smaller receptive field size,
greater suppression index, and faster responses are as-
sociated with improved sensory processing and are thus
plotted as higher on the ordinate of Fig. 4. An ANOVA
followed by Tukey’s HSD post hoc test showed that recep-
tive field size increased by 15% after training on the difficult
(reverse order) task (P	0.01), whereas it decreased by
23% after training on the sequence element task com-
pared with controls (P	0.00001, Fig. 4a). Receptive field
size was not significantly different from controls after train-
ing on the easy detection or frequency discrimination tasks
(P
0.05). Similarly, the degree of paired pulse depression
(PPD) increased (increase in suppression index, see ex-
perimental procedures) in rats trained on the simple de-
tection and difficult reverse order task (P	0.01). The in-
termediate sequence element task and the high triplet task
(in which rats were able to discriminate the CS� se-
quences from the CS� sequence) had less suppression
compared with the simple detection and difficult reverse
order discrimination tasks (P	0.01, Fig. 4b). Peak latency
was increased by 1 ms in rats trained on the reverse order
task compared with naive controls (P	0.01, Fig. 4c). As
een previously, the intermediate sequence element task
nd the high first triplet task had shorter latencies com-

ared with the reverse order group (P	0.05). Finally, train-
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ing on the intermediate sequence element task decreased
the onset latency to the second of two noise bursts by 2 ms
compared with controls (P	0.00001, Fig. 4d). Compared
with naive controls, rats that were passively exposed to
sound sequences (see experimental procedures) had
larger receptive fields, more paired pulse depression, and
longer latencies (P	0.00001, Fig. 4a–d). Training on any
of the discrimination tasks except the most difficult (re-
verse order) task resulted in sharper receptive fields and
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To formalize the relationship between cortical refine-
ment and task difficulty, we developed a single measure of
relative cortical precision that includes each of the mea-
sures discussed above (receptive field size, response la-
tency, and response suppression). The mean value of
each parameter was linearly scaled from 0 to 1 for each
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sharpest tuning, or least suppression of all 43 rats tested.
A value of 0 indicates that rat had the longest latency,
broadest tuning, or most suppression. The improvement
index was simply the average of these measures for each
rat. Rats trained on the intermediate difficulty tasks had
significantly higher improvement indexes than the sound
exposure group. Rats trained on the two hardest tasks
(noise first triplet and reverse order discrimination) and the
easiest tasks (sequence detection) were not significantly
different. The relationship between cortical refinement (im-
provement index) and task difficulty (average d-prime) was
best fit by a second order polynomial regression curve
(Fig. 5, F(2, 32)�14.2, MSE�0.01, P	0.0001). F-values
were lower when more degrees of freedom (3–6) were
used. We obtained very similar results using a Gaussian fit
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respectively. Response to the target sequence (HLN: column 1, red
discrimination training, responses to both the target (LLL) and distrac
discrimination task, response to both target (HLN) and distractor (NLH
target HLN sequence from three distractor sequences (high first and n
the distractors. For all groups, except the reverse order group, NLH w
this novel sequence also increased significantly in all trained rats co
sequence (�SEM). For interpretation of the references to color in this
(R2 of 0.48) compared with the second order polynomial
urve (R2 of 0.47). Each of the individual parameters in
Fig. 4 was also well fit by an inverted U function (F
3.5).
To directly test our hypothesis that intermediate task diffi-
culty stimulates maximal cortical plasticity on both simple
and complex tasks, we trained rats on an adaptive fre-
quency discrimination task (See experimental proce-
dures). For this task, d-prime performance for the most
difficult distractor was an average of 0.25�0.04, whereas
performance on the easiest distractor was 2.36�0.07. The
average d-prime between the target stimulus and all dis-
tractors was 1.21�0.06, indicating that the discrimination
task was intermediate in difficulty. Interestingly, this was
the only group in which training significantly increased
the percent of A1 neurons that responded to the target
tone (5.6 kHz) compared with controls (46.8% vs.
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Unlike training with simple stimuli, long-term training
ith complex stimuli that were spectrally and temporally
istributed did not specifically enhance cortical re-
ponses to the target. Although this study was not de-
igned to evaluate whether other cortical fields might
xhibit stimulus-specific plasticity, the current results

ndicate that training with complex stimuli does not result
n sequence-specific plasticity in A1, even though such
lasticity was observed in A1 after NB stimulation was
epeatedly paired with HLN (Kilgard and Merzenich,
002). However, our results reveal a form of gener-
lized refinement of cortical responses that is induced
y tasks that are challenging, but doable. Specifically,
e observed improved response latency, greater fre-
uency selectivity and reduced suppression in rats
rained on intermediate difficulty tasks compared with
ats trained on easy and difficult tasks. These results
ndicate that long-term sequence training results in au-
itory cortex plasticity that is task specific but not stim-

Fig. 4. Mean receptive field size, paired pulse depression and latenc
solid and dashed lines, mean�SEM). (a) Frequency bandwidth: Train
whereas training on the sequence element task decreased bandwidth c
of two noise bursts separated by 100 ms were strongly suppressed in r
time to peak response to tones was significantly lengthened compared
task. (d) Onset latencies in response to the second element of two no
but not significantly different from controls for the easy and difficult tas
pulse depression, and longer latencies compared with naive and train
* P	0.05, ** P	0.01) compared with naive rats. Error bars represent
so that improvements in frequency selectivity and response latency ar
the x-axis by task difficulty.
lus specific.
DISCUSSION

Our results show that optimal plasticity was obtained in
primary auditory cortex when the task was neither too easy
nor too difficult. The observation that task difficulty has a
significant effect on plasticity may explain discrepancies in
earlier studies of cortical map plasticity evoked by training
with simple stimuli. Several weeks of frequency-discrimi-
nation training increased the A1 response to the trained
tones in monkeys (Recanzone et al., 1993), but not in cats
(Brown et al., 2004). Although species-specific differences
in cortical plasticity mechanisms are possible, the result
could also be explained by the greater difficulty of the task
used in the monkey study. Training rats on a difficult fre-
quency discrimination task generates map plasticity (Pol-
ley et al., 2006) that was not seen when we trained rats on
an easy frequency discrimination task (Fig. 1, task vi).
These results support our hypothesis that task difficulty
influences cortical plasticity. Collectively, these results ex-

recordings from each group compared with naive controls (horizontal
e reverse order task increased bandwidth at 40 db above threshold,
with controls. (b) Paired pulse suppression: Responses to the second
d on the easy task (detection) and the two most difficult tasks. (c) The
trols in rats trained on the easy (detection) and difficult (reverse order)
s (separated by 100 ms) were shorter for the sequence element task
exposure group had significantly greater frequency bandwidth, paired

ymbols denote significant differences (ANOVA with post-hoc Tukey,
error of the mean (SEM.). The y-axes in panels (a, c, d) are reversed
nted at the top of the figure. For clarity, the groups are ordered along
y, for A1
ing on th
ompared
ats traine
with con
ise burst
ks. The
ed rats. S
standard
tend earlier studies by showing that task difficulty regulates
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plasticity after training with both simple and complex
stimuli.

Previous studies have shown that discrimination learn-
ing can be modulated by task difficulty (Ahissar and Hoch-
stein, 1997; Amitay et al., 2006; Atiani et al., 2009; Bieszc-
zad and Weinberger, 2010a). Both arousal and attention
are modulated by task difficulty and are known to regulate
plasticity in primary and non-primary sensory cortex
(Spitzer et al., 1988; Ahissar et al., 1992; Irvine et al., 2000;
Boudreau et al., 2006). An inverted U-shaped function
relates neuromodulator release and task performance (As-
ton-Jones et al., 1999). Although an easy operant task
results in little acetylcholine release during performance, a
difficult sustained attention task increases acetylcholine
release during weeks of daily training (Orsetti et al., 1996;
Arnold et al., 2002). The level of arousal is also related to
task performance by an inverted U-shaped function (Ye-
rkes and Dodson, 1908). Our results could be explained by
the optimal neuromodulatory release and/or cortical signal-
to-noise ratio produced by challenging tasks, compared
with trivial or impossible tasks.

Plasticity after behavior training can be modulated by
several different factors, including task difficulty and the
motivation level of the subjects trained to perform the task.
For example, Weinberger and colleagues have observed
that rats performing a simple tone detection task can de-
velop expanded representation of the conditioned tone if
they are water deprived to a weight of 85%, but not if they

Fig. 5. Relationship between cortical responses and task difficulty.
For each rat, the mean values of the response properties shown in Fig.
4a–d were linearly scaled from 0 to 1 such that a value of 1 denotes
the rat with the shortest latency, sharpest tuning, or least suppression,
whereas a value of 0 was given to the rat with the longest latency,
broadest tuning, or most suppression. The improvement index is the
average of these four values. The relationship between the improve-
ment index and task performance was best fit by a second order
polynomial regression curve, which was highly significant
(F(2,35)�14.2, MSE�0.01, P	0.0001). Each dot represents a single
rat. The horizontal black line and dotted lines are the mean index and
standard error of the mean for naive rats.
insufficiently water deprived (90–95%, Rutkowski and
Weinberger, 2005) or are excessively water deprived
(70%, Bieszczad and Weinberger, 2010b). These findings
also support the hypothesis that plasticity after learning
develops under conditions of optimal neuromodulator
release.

In the current study all animals were trained for approx-
imately 3 months. It is possible that longer periods of
training would have led to improved performance on the
trained discrimination task (Recanzone et al., 1993), al-
though longer periods of training do not always result in
greater plasticity (Reed et al., 2011). However, because in
the current study both the duration of training and motiva-
tion level (i.e., body weight caused by food deprivation)
were similar across all groups, we infer that differences in
task difficulty were responsible for the differences in plas-
ticity that we observed.

Neural responses in primary auditory cortex during
behavior are affected by the difficulty of a discrimination
task. Atiani and colleagues demonstrated that detection of
tones embedded in noise leads to enhanced responses to
the target and suppression of the distracting background
noise. These effects were enhanced when the tone was
more difficult to detect and when animals were more
aroused (Atiani et al., 2009). We have demonstrated that
task difficulty altered the degree of plastic changes after
behavior training. These findings suggest that conditions
that encourage the brain to optimize responses during
behavior lead to optimal long-term cortical plasticity.

Cortical responses recorded in this study were likely
influenced by the use of anesthesia because auditory cor-
tex has long been known to be affected by pharmacologic
agents. Our earlier study on anesthesia effects in rat pri-
mary auditory cortex indicated that stimuli presented at
rates from 15 to 30 Hz were particularly reduced by gen-
eral ketamine anesthesia (Rennaker et al., 2007). As noted
in the experimental procedures, the functional data re-
ported in this study were recorded from rats anesthetized
with pentobarbital. All rats in this study received the same
anesthetic, and the effects of anesthesia were held con-
stant across groups. However, we and others have found
that temporal response characteristics recorded under an-
esthesia have been well correlated with auditory percep-
tual behavior (Engineer et al., 2008; Shetake et al., 2011).
We have recently shown that the spatiotemporal activity
patterns in A1 predict behavioral performance using both
awake and anesthetized preparations (Engineer et al.,
2008). The speech stimuli used in the experiment were
both spectrally and temporally complex, and this complex-
ity was preserved in the anesthetized response patterns.
Although we acknowledge that the results from this study
may not have fully detailed how training on the various
sequence tasks reshaped primary auditory cortex, it rep-
resents part of an ongoing attempt to fully document some
of the principles of sensory reorganization in the auditory
modality. It will be important to confirm our hypothesis by
recording responses while rats are awake and behaving.

An inverted U-shaped function may explain clinical
observation that rehabilitation with easy tasks does not

generate optimal recovery. For example, training on an
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unskilled motor task generates less plasticity than training
on a skilled motor task (Kleim et al., 1998; Plautz et al.,
2000). This suggests that stroke rehabilitation focused on
relearning skilled tasks would generate more plasticity
than simply performing a trivial task. Neurological rehabil-
itation will likely benefit from greater knowledge of the
relationship between task difficulty and cortical plasticity
(Merzenich et al., 1996; Nudo and Friel, 1999). Additional
behavioral, pharmacological, and imaging studies are
needed to develop novel therapies that more effectively
stimulate plasticity to aid recovery from brain injury.
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