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ChABC infusions into medial prefrontal cortex, but
not posterior parietal cortex, improve the performance
of rats tested on a novel, challenging delay
in the touchscreen TUNL task
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Perineuronal nets (PNNs) are specialized extracellular matrix structures that surround subsets of neurons throughout the

central nervous system (CNS). They are made up of chondroitin sulfate proteoglycans (CSPGs), hyaluronan, tenascin-R,

and many other link proteins that together make up their rigid and lattice-like structure. Modulation of PNNs can alter

synaptic plasticity and thereby affect learning, memory, and cognition. In the present study, we degraded PNNs in the

medial prefrontal (mPFC) and posterior parietal (PPC) cortices of Long–Evans rats using the enzyme chondroitinase ABC

(ChABC), which cleaves apart CSPGs. We then measured the consequences of PNN degradation on spatial working

memory (WM) with a trial-unique, non-matching-to location (TUNL) automated touchscreen task. All rats were

trained with a standard 6 sec delay and 20 sec inter-trial interval (ITI) and then tested under four different conditions:

a 6 sec delay, a variable 2 or 6 sec delay, a 2 sec delay with a 1 sec ITI (interference condition), and a 20 sec delay. Rats

that received mPFC ChABC treatment initially performed TUNL with higher accuracy, more selection trials completed,

and fewer correction trials completed compared to controls in the 20 sec delay condition but did not perform differently

from controls in any other condition. Rats that received PPC ChABC treatment did not perform significantly differently

from controls in any condition. Posthumous immunohistochemistry confirmed an increase in CSPG degradation products

(C4S stain) in the mPFC and PPC following ChABC infusions while WFA staining intensity and parvalbumin positive

neuron number were decreased following mPFC, but not PPC, ChABC infusions. These findings suggest that PNNs in

the mPFC play a subtle role in spatial WM, but PNNs in the PPC do not. Furthermore, it appears that PNNs in

the mPFC are involved in adapting to a challenging novel delay, but that they do not play an essential role in spatial

WM function.

PNNs are part of the extracellular matrix (ECM) of the central ner-
vous system (CNS). They are composed of chondroitin sulfate pro-
teoglycans (CSPGs), hyaluronan, tenascin-R, and many link
proteins, which make up their rigid matrix structure (Deepa et al.
2006). While discrete patterns of PNN distribution vary between
species (Lensjø et al. 2017a), their conserved appearance suggest
that they play an integral and important role in the CNS. PNNs
act as a physical barrier to structural changes in the neurons that
they surround (Kwok et al. 2010). In addition, PNNs are involved
in synaptic stabilization and in the closure of critical periods of
plasticity during development (Pizzorusso et al. 2002). The density
of PNNs is relatively low early in development and increases
throughout postnatal life (Sorg et al. 2016). Related to this, the re-
moval of PNNs in adulthood can reopen periods of heightened
plasticity comparable to that of a juvenile critical period (Lensjø
et al. 2017b). With such heightened plasticity comes potential re-
organization of neuronal structure, connectivity, and function
(Pizzorusso et al. 2002).

PNNs appear involved with learning andmemory in the adult
brain, and PNN degradation in the brain changes behavior and

cognition (Gogolla et al. 2009; Lee et al. 2012; Hylin et al. 2013;
Happel et al. 2014; Xue et al. 2014; Lasek et al. 2018; Paylor et al.
2018; Thompson et al. 2018; Domínguez et al. 2019). A common
method of degrading PNNs is by targeting CSPGs with the enzyme
chondroitinase ABC (ChABC; Lee et al. 2009). Interestingly, the
cognitive and behavioral changes following ChABC infusions
depend on the location and timing of treatment (Shen 2018). For
example, the infusion of ChABC into the perirhinal cortex en-
hances recognition memory in an object recognition paradigm
(Romberg et al. 2013). In contrast, infusion of ChABC into theme-
dial prefrontal cortex (mPFC) impairs cross-modal object recogni-
tion and object oddity tests in rats (Paylor et al. 2018).
Reductions in cortical PNNs are also observed in human patients
with schizophrenia and Alzheimer’s disease (Baig et al. 2005;
Mauney et al. 2013; Enwright et al. 2016) and in animal models
of stroke, prion diseases, epilepsy, and schizophrenia (Hobohm
et al. 2005; Franklin et al. 2008; McRae and Porter 2012; Paylor
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et al. 2016). Continued investigation of how PNNs contribute to
cognition in adults will help us to discover whether there is a
link between abnormalities in PNN distribution and the cognitive
deficits seen in these CNS disorders.

In the current study, the spatial
working memory (WM) of Long–Evans
rats was tested following the degradation
of PNNs in the mPFC and posterior
parietal cortex (PPC). SpatialWMwasmea-
sured using the automated touchscreen-
based trial-unique, non-matching-to
location (TUNL) task, which was chosen
because it is clinically translatable, re-
quires little handling of animals during
testing, and gives an accurate measure of
task parameters (Talpos et al. 2010).
Performance of the TUNL task relies
on the mPFC and the PPC in rats
(McAllister et al. 2013; Davies et al.
2017; Scott et al. 2019). Likewise, it has
been suggested that the human prefron-
tal cortex and PPC are essential for
functional spatial WM, and that WM re-
lies on intact fronto-parietal circuits
(Courtney et al. 1998; Todd and Marois
2004; Eriksson et al. 2015; Alekseichuk
et al. 2016; Mackey et al. 2016). In our
previous study, ChABC infusions into
the mPFC led to cognitive impairments
(Paylor et al. 2018). Based on these find-
ings, we hypothesized that the degrada-
tion of PNNs in the mPFC and PPC
would disrupt the neural circuits required
for spatial WM and impair the perfor-
mance of rats in the TUNL task.

Results

Rats were trained on the TUNL task (Figs.
1, 2) until they reached a group mean of
50 trials at 65% accuracy using a 6 sec de-
lay. Infusions of either penicillinase
(PEN) as a control or ChABC to degrade
CSPGs were made into the mPFC of one
cohort of rats and into the PPC of another
cohort of rats. After 5–10 d of recovery,
rats were tested in TUNL using four differ-
ent conditions: a 6 sec delay, a variable 2
or 6 sec delay, a 2 sec delay with a 1 sec
inter-trial interval (ITI) period (inter-

ference condition), and a 20 sec delay
(Fig. 1).

ChABC infusions into the mPFC

improve performance of the TUNL

task with a 20 sec delay

ChABC infusions in the mPFC had no effect on the

performance of rats in condition 1 (6 sec delay)

A 2×2 ANOVA (treatment, separation) re-
vealed that the accuracy of PEN and
ChABC-treated rats was not significantly
different (Table 1; F(1,21) = 0.00, P=0.99).
The percent accuracy of rats was higher

on trials with large stimulus separations than with small separa-
tions (F(1,21) = 101.31, P<0.001), and there was no interaction
between separation and treatment (F(1,21) = 0.12, P=0.73).

Figure 1. Schematic of the training and testing schedule. During the training phase, rats were trained
on TUNL to criterion. Chondroitinase ABC or penicillinase was then locally infused into medial prefrontal
cortex or posterior parietal cortex. Following recovery, all rats were tested on four conditions in the fol-
lowing order: Condition (1) their performance was reassessed for 3 d on the standard TUNL task that
they were trained on presurgery; Condition (2) a variable delay 2 or 6 sec delay was used to assess
WM; Condition (3) was designed as an interference task with a 1 sec, instead of the standard 20 sec,
ITI between trials; and Condition (4) introduced a novel and challenging delay of 20 sec.

A

B C

Figure 2. (A) Schematic showing the progression of a TUNL trial. The standard TUNL task for training
involves a 6 sec delay and a 20 sec ITI, but the length of both of these periods can be altered.
(B) Schematic of a Long–Evans rat performing the testing phase of the TUNL task. (C) Schematic labeling
distances between stimuli in the testing phase as large (4–5 squares away), intermediate (3 squares
away), or small (1–2 squares away). Stimuli within the testing phase of a trial are not presented horizon-
tally, vertically, or diagonally adjacent to one another.
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Independent-samples t-tests revealed that ChABC-treated rats
did not perform significantly differently from PEN-treated rats
in terms of total trials completed (Table 1; t(21) = 0.60, P=
0.56), selection trials completed (Table 1; t(21) = 0.67, P=0.51),
correction trials completed (Table 1; t(21) =−0.117, P=0.91), or
reward latency (Table 2; t(21) = 0.51, P=0.62). A 2×2 ANOVA
(treatment, latency type) revealed that there was no difference
in the correct and incorrect trial latency of ChABC-treated ver-
sus PEN-treated rats (Table 2; F(1,21) = 0.11, P=0.74), but that the
incorrect trial latency was significantly longer than the correct
trial latency (F(1,21) = 15.86, P=0.001). There was no significant
interaction between treatment and latency type (F(1,21) = 1.61,
P=0.22).

ChABC infusions in the mPFC had no effect on the performance of rats

in condition 2 (variable 2 or 6 sec delay)

A three-way ANOVA (treatment, separation, delay) revealed no
significant differences in percent accuracy between ChABC
and PEN-treated rats (Table 1; F(1,21) = 0.07, P=0.80). However,
main effects of separation (F(1,21) = 8.64, P=0.008) and delay
(F(1,21) = 131.32, P< 0.001) were found, as well as a significant inter-
action between the two factors (F(1,21) = 87.12, P<0.001). Post hoc
analyses (Tukey’s) revealed that the percent accuracy on trials with
a 2 sec delay and large stimulus separationswas significantly higher
than any other trial type (P<0.05). In addition, the percent accura-
cy on trials with a 2 sec delay and small separations was not sig-
nificantly different than that of trials with a 6 sec delay and
small separations (P>0.05), but both were significantly higher
than trials with a 6 sec delay and large separations (P<0.05)
(Table 1). There were no significant interactions between treat-
ment and delay (F(1,21) = 0.16, P=0.69), treatment and separa-
tion (F(1,21) = 0.00, P=0.95), or treatment × delay × separation
(F(1,21) = 0.39, P=0.54).

Independent-samples t-tests revealed that ChABC-treated rats
did not perform significantly differently from PEN-treated rats in
terms of total trials completed (Table 1; t(21) = 1.18, P=0.25), selec-
tion trials completed (Table 1; t(21) = 1.43, P=0.17), correction trials
completed (Table 1; t(21) = 0.22, P=0.83), or reward latency (Table
2; t(21) =−0.272, P=0.79). A 2 ×2 repeated ANOVA (treatment,
separation) revealed no significant difference in the correct and in-
correct trial latency of ChABC-treated versus PEN-treated rats
(Table 2; F(1,21) = 0.81, P=0.38), but the incorrect trial latency was
significantly longer than the correct trial latency (F(1,21) = 16.17,
P= 0.001). There was no significant interaction between treat-
ment and latency type (F(1,21) = 1.38, P=0.25).

ChABC infusions in the mPFC had no effect on the performance of rats

in condition 3 (2 sec delay with a 1 sec ITI)

A 2×2 ANOVA (treatment, separation) revealed that the percent
accuracy of ChABC-treated rats was not significantly different
than that of PEN-treated rats (Table 1; F(1,21) = 0.00, P=0.94).
However, the percent accuracy of rats was significantly higher on
large separation trials compared to small separation trials (F(1,21) =
189.54, P<0.001), with a significant interaction between separa-
tion and treatment (F(1,21) = 5.46, P=0.029). Independent-samples
t-tests revealed that ChABC-treated rats did not perform signifi-
cantly differently from PEN-treated rats in terms of total trials com-
pleted (Table 1; t(21) =−0.41, P=0.68), selection trials completed
(Table 1; t(21) =−0.33, P=0.75), correction trials completed (Table
1; t(21) =−0.27, P=0.79), or reward latency (Table 2; t(21) =−0.14,
P= 0.89). A 2×2 ANOVA revealed no significant difference in the
correct and incorrect trial latency of ChABC-treated versus
PEN-treated rats (Table 2; F(1,21) = 0.45, P=0.51), but that the in-
correct trial latency was significantly longer than the correct trial
latency (F(1,21) = 13.62, P= 0.001). There was no significant interac-
tion between treatment and latency type (F(1,21) = 1.49, P=0.24).

Table 1. Performance of the rats on testing conditions 1, 2, and 3 of the experiment

Condition Accuracy—Large Accuracy—Small Total trials Selection trials Correction trials

mPFC
1 (6 sec delay, 20 sec ITI) PEN, 76.80 ± 9.4

Ch, 77.28 ± 7.9
ME, Lg > Sm

PEN, 62.61 ± 5.7
Ch, 62.1 ± 8.9

PEN, 84.90 ± 6.2
Ch, 82.64 ± 11.4

PEN, 58.95 ± 5.4
Ch, 56.48 ± 11.5

PEN, 25.94 ± 4.9
Ch, 26.15 ± 3.3

2 (2 sec delay) PEN, 86.32 ± 6.4
Ch, 85.31 ± 4.0
Int, see text

PEN, 68.43 ± 8.5
Ch, 69.43 ± 7.9

PEN, 94.17 ± 9.6
Ch, 89.18 ± 10.6

PEN, 69.43 ± 5.9
Ch, 64.95 ± 8.9

PEN, 24.73 ± 5.9
Ch, 24.23 ± 4.9

2 (6 sec delay) PEN, 57.65 ± 6.1
Ch, 59.40 ± 7.8
Int, see text

PEN, 67.61 ± 6.9
Ch, 67.77 ± 6.5

3 (2 sec delay, 1 sec ITI) PEN, 85.92 ± 7.1
Ch, 82.98 ± 7.2
ME, Lg > Sm

PEN, 64.36 ± 7.1
Ch, 67.68 ± 6.1

PEN, 110.63 ± 8.3
Ch, 112.45 ± 12.7

PEN, 81.04 ± 7.6
Ch, 81.80 ± 6.8

PEN, 29.58 ± 7.1
Ch, 29.33 ± 8.7

PPC
1 (6 sec delay, 20 sec ITI) PEN, 71.00 ± 8.6

Ch, 63.55 ± 9.4
ME, Lg > Sm

PEN, 59.76 ± 13.3
Ch, 54.67 ± 8.1

PEN, 75.31 ± 15.3
Ch, 69.61 ± 14.7

PEN, 47.31 ± 12.9
Ch, 41.25 ± 9.8

PEN, 28.00 ± 6.3
Ch, 28.36 ± 8.7

2 (2 sec delay) PEN, 78.03 ± 12.2
Ch, 77.85 ± 9.2
Int, see text

PEN, 65.16 ± 6.1
Ch, 65.45 ± 7.5

PEN, 82.08 ± 11.9
Ch, 75.93 ± 15.1

PEN, 54.26 ± 10.7
Ch, 50.92 ± 10.0

PEN, 27.83 ± 7.2
Ch, 25.01 ± 8.1

2 (6 sec delay) PEN, 53.76 ± 7.5
Ch, 53.56 ± 12.2
Int, see text

PEN, 61.66 ± 9.4
Ch, 61.10 ± 9.3

3 (2 sec delay, 1 sec ITI) PEN, 73.77 ± 6.6
Ch, 74.54 ± 12.4
ME, Lg > Sm

PEN, 62.84 ± 11.6
Ch, 65.21 ± 7.8

PEN, 103.00 ± 16.3
Ch, 92.08 ± 14.3

PEN, 71.00 ± 14.8
Ch, 62.92 ± 11.5

PEN, 32.00 ± 8.9
Ch, 29.17 ± 10.9

Group means ± SEM are shown for dependent measures (columns) during the various testing conditions (rows) for rats infused with either ChABC (Ch) or PEN
into the mPFC (top) and PPC (bottom). Note that accuracy of 50% is chance performance in the TUNL task. ME refers to a main effect and Int to an interaction
regarding Accuracy in the ANOVA. See Results for details.
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ChABC infusions in the mPFC improved performance of rats in condition 4

on the first two testing days (20 sec delay)

Overall percent accuracy was not significantly different between
PEN and ChABC-treated rats (Fig. 3A; F(1,21) = 3.00, P= 0.10).
Additionally, there was no main effect of testing day (F(2,42) =
2.66, P=0.08), and no interaction between treatment and testing
day (F(2,42) = 1.19, P=0.32). The percent accuracy for trials with
large separations was not significantly different between PEN and
ChABC-treated rats (Fig. 3B; F(1,21) = 1.60, P=0.22). Furthermore,
there was no main effect of testing day (F(2,42) = 1.60, P=0.21)
and no interaction between treatment and testing day (F(2,42) =
2.30, P=0.11). The percent accuracy for trials with small
separations was not significantly different between PEN and
ChABC-treated rats (Fig. 3C; F(1,21) = 2.14, P=0.16). There was
also was no main effect of testing day (F(2,42) = 1.13, P=0.33),
and no interaction between treatment and testing day (F(2,42) =
0.42, P=0.66).

There was no significant difference in the number of total
trials completed by PEN and ChABC-treated rats (Fig. 3D; F(1,21) =
2.93, P=0.10). In addition, there was no main effect of testing
day (F(2,42) = 0.69, P=0.51), and no interaction between treatment
and testing day (F(2,42) = 2.15, P=0.13). There was also no signifi-
cant difference in the number of selection trials completed by
PEN and ChABC-treated rats (Fig. 3E; F(1,21) = 0.42, P=0.53).
However, there was a significant main effect of testing day (F(2,42)
= 9.95, P<0.001), and a significant interaction between treatment
and testing day (F(2,42) = 4.37, P=0.019). Post hoc analyses
(Tukey’s) revealed that rats performed significantly more selection
trials on testing days 12–13 compared to testing days 10–11 (P<
0.05), as well as significantly more selection trials on testing days
14–15 compared to testing day 10–11 (P< 0.05). There was no dif-
ference in the number of correction trials completed by PEN and
ChABC-treated rats (Fig. 3F; F(1,21) = 3.60, P=0.07). Therewas, how-
ever, a significant main effect of testing day (F(2,42) = 15.53, P<
0.001), but no interaction between treatment and testing day
(F(2,42) = 2.69, P=0.079). Post hoc analyses revealed that rats per-
formed fewer correction trials on testing days 12–13 (P<0.05)
and 14–15 (P< 0.05) compared to testing days 10–11.

An independent-samples t-test revealed that PEN and
ChABC-treated rats did not have any significant differences in re-
ward latency (Fig. 3G; t(21) =−0.30, P=0.77). A 2×2 ANOVA re-

vealed no significant difference in the correct and incorrect
trial latency of ChABC-treated versus PEN-treated rats (Fig. 3H;
F(1,21) = 0.82, P=0.38), but the incorrect trial latency was signifi-
cantly longer than the correct trial latency (F(1,21) = 9.34, P=
0.006). There was no interaction between treatment and latency
type (F(1,21) = 2.59, P=0.12).

When investigating the initial 2 d of the 20 sec delay condi-
tion (testing days 10–11), independent samples t-tests revealed
that ChABC-treated rats initially had a higher total percent accura-
cy (Fig. 3A; t(21) =−3.38, P=0.003), higher large separation percent
accuracy (Fig. 3B; t(21) =−2.74, P=0.012), more selection trials
completed (Fig. 3E; t(21) =−2.31, P=0.031), and fewer correction
trials completed (Fig. 3F; t(21) = 3.52, P=0.002) compared to
PEN-treated rats. There were no significant differences in small
separation percent accuracy (Fig. 3C; t(21) =−1.528, P=0.14),
total trials completed (Fig. 3D; t(21) = 0.92, P=0.37) between
ChABC-treated rats and PEN-treated rats over the first 2 d of the
20 sec delay.

ChABC infusions into the PPC do not alter performance

of rats in the TUNL task

ChABC infusions in the PPC had no effect on the performance

of rats in condition 1 (6 sec delay)

A 2×2 ANOVA (treatment, separation) revealed that the accuracy
of PEN and ChABC-treated rats was not significantly different
(Table 1; F(1,22) = 3.48, P=0.08). Rats performed better on trials
with large separations compared to trials with small separations
(F(1,22) = 18.34, P<0.001), and there was no interaction between
separation and treatment (F(1,22) = 0.25, P=0.62). Independent-
samples t-tests revealed that ChABC-treated rats did not perform
significantly differently from PEN-treated rats in terms of total tri-
als completed (Table 1; t(22) = 0.93, P=0.36), selection trials com-
pleted (Table 1; t(22) = 1.29, P=0.21), correction trials completed
(Table 1; t(22) =−0.12, P= 0.91), or reward latency (Table 2; t(22) =
−1.76, P=0.09). In addition, a 2 ×2 ANOVA revealed that there
was no difference in the correct and incorrect trial latency of
ChABC-treated versus PEN-treated rats (Table 2; F(1,22) = 0.73, P=
0.40), and that the there was no difference in correct and incorrect
trial latencies (F(1,22) = 2.50, P=0.13). There was no significant

Table 2. Correct, incorrect, and reward latencies for rats tested in conditions 1, 2, and 3 of the experiment

Condition Correct latency Incorrect latency Reward latency

mPFC
1 (6 sec delay, 20 sec ITI) PEN, 5.20 ± 1.7

Ch, 5.15 ± 2.3
ME, Corr < Incorr

PEN, 6.01± 1.8
Ch, 6.72 ± 3.6

PEN, 1.81 ± 0.5
Ch,1.71 ± 0.4

2 (2 sec and 6 sec delay) PEN, 5.22 ± 1.9
Ch, 5.83 ± 2.6
ME, Corr < Incorr

PEN, 6.28± 2.4
Ch, 7.78 ± 4.4

PEN, 1.60 ± 0.4
Ch, 1.65 ± 0.5

3 (2 sec delay, 1 sec ITI) PEN, 6.04 ± 2.0
Ch, 6.42 ± 2.8
ME, Corr < Incorr

PEN, 7.03± 2.3
Ch, 8.38 ± 5.0

PEN, 1.58 ± 0.4
Ch, 1.67 ± 0.5

PPC
1 (6 sec delay, 20 sec ITI) PEN, 5.61 ± 2.8

Ch, 6.97 ± 3.6
PEN, 6.60± 3.6
Ch, 7.53 ± 4.0

PEN, 1.69 ± 0.4
Ch, 2.10 ± 0.7

2 (2 sec and 6 sec delay) PEN, 5.66 ± 2.6
Ch, 6.28 ± 2.5
ME, Corr < Incorr

PEN, 6.44± 2.8
Ch, 7.65 ± 3.7

PEN, 1.69 ± 0.4
Ch, 2.28 ± 0.4

3 (2 sec delay, 1 sec ITI) PEN, 6.52 ± 3.3
Ch, 6.99 ± 3.3
ME, Corr < Incorr

PEN, 8.28± 4.7
Ch, 8.77 ± 3.6

PEN, 1.77 ± 0.5
Ch, 2.19 ± 0.8

Group means ± SEM are show for ChABC (Ch) or PEN infused rats. The mPFC group is shown on the top and the PPC group on the bottom. ME refers to a main
effect of Latency in the ANOVA. See Results for details.
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interaction between treatment and laten-
cy type (F(1,22) = 0.20, P=0.66).

ChABC infusions in the PPC had no effect on the

performance of rats in condition 2 (variable 2 or

6 sec delay)

A three-way ANOVA (treatment, separa-
tion, delay) revealed no significant differ-
ences between ChABC and PEN-treated
rats (Table 1; F(1,22) = 0.00, P=0.96).
There was also no significant main effect
of separation (F(1,22) = 2.23, P=0.14), but
there was a significant main effect of de-
lay (F(1,22) = 145.69, P<0.001) as well as
an interaction between the two was ob-
served (F(1,22) = 46.66, P<0.001). Post
hoc analyses revealed that the percent ac-
curacy on trials with a 2 sec delay and
large separations was significantly higher
than other trial types (P<0.05). In addi-
tion, the percent accuracy on trials with
a 2 sec delay and small separations was
also significantly higher than trials with
a 6 sec delay and large separations (P<
0.05) but not trials with a 6 sec delay
and small separations (P>0.05). Percent
accuracy on trials with a 6 sec delay and
a small separations was also significantly
higher than that on trials with a 6 sec de-
lay and large separations (P<0.05). There
were no significant interactions between
treatment and delay (Table 1; F(1,22) =
0.03, P=0.86), treatment and separation
(F(1,22) = 0.00, P=0.99), or treatment ×de-
lay× separation (F(1,22) = 0.02, P=0.89).

Independent-samples t-tests re-
vealed that ChABC-treated rats did not
perform significantly differently from
PEN-treated rats in terms of total trials
completed (Table 1; t(22) = 1.11, P=0.28),
selection trials completed (Table 1; t(22) =
0.79, P=0.44), correction trials complet-
ed (Table 1; t(22) = 0.90, P=0.38), or re-
ward latency (Table 2; t(22) =−1.91, P=
0.07). A 2×2 ANOVA revealed no sig-
nificant difference in the correct and
incorrect trial latency of ChABC-treated
versus PEN-treated rats (Table 2; F(1,22) =
0.65, P= 0.43), but the incorrect trial
latency was significantly longer than the
correct trial latency (F(1,22) = 6.23, P=
0.02). There was no significant interac-
tion between treatment and latency type
(F(1,22) = 0.48, P=0.49).

ChABC infusions in the PPC had no effect on the

performance of rats in condition 3 (2 sec delay

with a 1 sec ITI)

A 2×2 ANOVA revealed that the percent
accuracy of ChABC-treated rats was
not significantly different than that
of PEN-treated rats (Table 1; F(1,22) = 0.20,
P=0.66). However, the rats performed
significantly better on large separation
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Figure 3. Effects of PEN or ChABC infusions into the mPFC on TUNL with a 20 sec delay period
(Condition 4). All values represent the mean± SEM of the testing days. (A) ChABC-treated rats had a sig-
nificantly higher overall percent accuracy than PEN-treated rats over the first 2 d of testing, but not over
the full 6 d of testing. (B) ChABC-treated rats had a significantly higher percent accuracy on trials with
large stimulus separations compared to PEN-treated rats over the first 2 d of testing, but not over the full
6 d of testing. ChABC had no effect on percent accuracy in trials with small stimulus separations (C ) or
the number of total trials completed (D). (E) ChABC-treated rats completed significantly more selection
trials than PEN-treated rats over the first 2 d of testing, but not over the full 6 d of testing. Rats performed
significantly more selection trials on testing days 12–13 and 14–15 compared to testing days 10–11. (F)
ChABC-treated rats completed significantly fewer correction trials than PEN-treated rats over the first 2 d
of testing, but not over the full 6 d of testing. Rats performed significantly fewer correction trials on
testing days 12–13 and 14–15 compared to testing days 10–11. ChABC had no effect on reward
latency (G), correct latency (H), or incorrect latency (H). Incorrect choice latency was significantly
longer than correct choice latency (H). PEN, n=12; ChABC, n =11. Note that accuracy of 50% is
chance performance in the TUNL task. (*) P<0.05. Note that accuracy of 50% is chance performance
in the TUNL task.
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trials compared to small separation trials
(F(1,22) = 25.36, P<0.001), but there was
no significant interaction between sepa-
ration and treatment (F(1,22) = 0.16, P=
0.70). Independent-samples t-tests re-
vealed that ChABC-treated rats did not
perform significantly differently from
PEN-treated rats in terms of total trials
(Table 1; t(22) = 1.75, P=0.09), selection
trials (Table 1; t(22) = 1.49, P=0.15),
correction trials (Table 1; t(22) = 0.70, P=
0.49), or reward latency (Table 2; t(22) =
−1.58, P=0.13). A 2 ×2 ANOVA reveal-
ed no significant difference in the
correct and incorrect trial latency of
ChABC-treated versus PEN-treated rats
(Table 2; F(1,22) = 0.11, P=0.75), but that
the incorrect trial latency was signifi-
cantly longer than the correct trial laten-
cy (F(1,22) = 21.88, P<0.001). There was
no significant interaction between treat-
ment and latency type (F(1,22) = 0.00, P=
0.99).

ChABC infusions in the PPC had no effect on the

performance of rats in condition 4 (20 sec delay)

Overall accuracy was not significantly dif-
ferent between PEN and ChABC-treated
rats (Fig. 4A; F(1,22) = 0.25, P=0.62). In ad-
dition, there was nomain effect of testing
day (F(2,44) = 0.59, P=0.56) or interaction
between treatment and testing day
(F(2,44) = 0.20, P=0.82). The percent accu-
racy for trials with large separations was
not significantly different between PEN
and ChABC-treated rats (Fig. 4B; F(1,22) =
2.92, P= 0.10). Furthermore, there was
no main effect of testing day (F(2,44) =
0.64,P=0.54) andno interactionbetween
treatment and testing day (F(2,44) = 0.94, P
=0.40). The percent accuracy for trials
with small separations was not signifi-
cantly different between PEN and
ChABC-treated rats (Fig. 4C; F(1,22) = 0.93,
P=0.35). There was also was no main ef-
fect of testing day (F(2,44) = 0.35, P=0.71),
and no interaction between treatment
and testing day (F(2,44) = 0.28, P=0.76).

There was no difference in the num-
ber of total trials completed by PEN and
ChABC-treated rats (Fig. 4D; F(1,22) =
0.97, P= 0.34). However, there was a
main effect of testing day (F(2,44) = 4.19,
P=0.022), but no interaction between
treatment and testing day (F(2,44) = 0.98,
P=0.39). Post hoc analyses revealed that
rats performed significantly more total
trials on days 5–6 compared to days 1–2
(P<0.05). There was also no difference
in the number of selection trials complet-
ed by PEN and ChABC-treated rats (Fig. 4E; F(1,22) = 0.06, P=0.81).
There was a significant main effect of testing day (F(2,44) = 9.21, P<
0.001), but no interaction between treatment and testing day
(F(2,44) = 0.62, P=0.55). Post hoc analyses revealed that rats per-
formed significantly more selection trials on days 5–6 compared

to days 1–2 (P<0.05). There was no difference in the number of
correction trials completed by PEN and ChABC-treated rats (Fig.
4F; F(1,22) = 1.52, P=0.23). Therewas also no significantmain effect
of testing day (F(2,44) = 0.46, P=0.63) and no interaction between
treatment and testing day (F(2,44) = 0.22, P=0.81).
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Figure 4. Effects of PEN or ChABC infusions into the PPC on TUNLwith a delay of 20 sec (Condition 4).
All values represent the mean± SEM of the testing days. ChABC had no effect on overall percent accuracy
(A), the percent accuracy on trials with large stimulus separations (B), the percent accuracy on trials with
small stimulus separations (C), the total number of trials completed (D), the number of selection trials
completed (E), the number of correction trials completed (F), reward latency (G), or correct or incorrect
latencies (H). Rats performed significantly more total trials on testing days 14–15 compared to testing
days 10–11 (D). Rats performed significantly more selection trials on testing days 14–15 compared to
testing days 10–11 (E). PEN, n=12; ChABC, n =12. (*) P<0.05. Note that accuracy of 50% is chance
performance in the TUNL task.
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An independent samples t-test re-
vealed that PEN and ChABC-treated rats
had no significant differences in reward
latency (Fig. 4G; t(22) =−1.43, P=0.17). A
2×2 ANOVA revealed no significant
difference in the correct and incorrect
trial latency of ChABC-treated versus
PEN-treated rats (Fig. 4H; F(1,22) = 0.19,
P=0.66), There was also no difference be-
tween correct trial latency and incorrect
trial latency (F(1,22) =0.14, P=0.72), as
well as no interaction between treatment
and latency type (F(1,22) =2.67, P=0.12).

When investigating the initial 2 d of
the 20 sec delay condition (testing days
10–11), independent samples t-tests re-
vealed no significant differences between
PEN and ChABC-treated rats on total per-
cent accuracy (Fig. 4A; t(22) =−0.39, P=
0.70), large separation percent accuracy
(Fig. 4B; t(22) =−0.49, P=0.63), small sep-
aration percent accuracy (Fig. 4C; t(22) =
0.50, P=0.62), total trials completed
(Fig. 4D; t(22) = 0.09, P= 0.93), selection
trials completed (Fig. 4E; t(22) =−0.46, P=
0.65), or correction trials completed (Fig.
4F; t(22) = 0.58, P=0.57).

Quantification of the effects of

ChABC on PNNs in the mPFC

and PPC
To confirm the degradation of CSPGs and PNNs by ChABC in the
mPFC, we stained with Wisteria Floribunda Agglutinin (WFA), a
marker for CSPGs that preferentially labels PNNs, and mouse
anti-chondroitin-4-sulfate (C4S), a marker for cleaved components
of CSPGs (Fig. 5). WFA intensity was significantly reduced within
the mPFC of ChABC-treated rats compared to controls (Fig. 5D;
t(20) = 3.78, P=0.001). Staining intensity for C4S was significantly
higher within the mPFC of ChABC-treated rats than in controls
(Fig. 5E; t(20) =−3.81, P=0.001). As a control reference region, the
somatosensory jaw area (S1J) was assessed. In this region, there
was no difference in WFA (Fig. 5D; t(20) = 1.89, P=0.07) or C4S
(Fig. 5E; t(20) =−0.79, P=0.44) intensities compared to controls.
This data is consistent with previous findings that PNNs are still re-
duced and C4S stubs still significantly elevated within the treat-
ment area 30 d after injection (Paylor et al. 2018).

PNNs commonly ensheathe parvalbumin containing (PV+)
inhibitory interneurons in the cortex (Härtig et al. 1992). To assess
whether degradation of PNNs was paired with PV+ interneuron
loss, staining with an antibody specific to PV+ was performed
(Fig. 6). PNN counts (Fig. 6E; t(21) = 3.129, P=0.005), PV+ cell
counts (Fig. 6F; t(21) = 2.39, P=0.027), and the percentage of PV+
cells surrounded by PNNs (Fig. 6G; t(21) = 2.23, P=0.037) were all
significantly reduced in ChABC-treated rats compared to controls.

Staining intensity for C4S was significantly higher within
the PPC of ChABC-treated rats than in controls (Fig. 7D; t(22) =
−2.46, P=0.022). WFA intensity, however, was not significantly
different within the PPC of ChABC-treated rats compared to con-
trols (Fig. 7E; t(22) = 0.83, P=0.42). As a control reference region,
an area lateral to the PPC was chosen. In this region, there was
no difference in WFA (Fig. 7D; t(22) = 0.43, P=0.68) or C4S (Fig.
7E; t(22) = 0.35, P= 0.73) intensities compared to controls.

Like the protocol for the mPFC, the number of PV+ cells and
PNNswas also assessed in the PPC (Fig. 8). ChABC-treated rats were
not significantly different than controls in terms of PNN count

(Fig. 8E; t(21) = 0.424, P=0.676), PV+ cell count (Fig. 8F; t(21) =
−0.08, P=0.94), or the percentage of PV+ cells surrounded by
PNNs (Fig. 8G; t(21) =−0.03, P=0.97).

PNN regrowth in the mPFC following ChABC treatment
WFA intensity was normalized for each rat by using S1 as a control
reference region. PEN-treated rats that were sacrificed 30 d after sur-
gery had a significantly higher normalized WFA intensity than
ChABC-treated rats that were sacrificed 7 d after surgery (Fig. 9;
t(14) = 3.66, P=0.003) and 30 d after surgery (t(21) = 3.23, P=
0.004). ChABC-treated rats that were sacrificed 30 d after surgery
had a significantly higher normalized WFA intensity than
ChABC-treated rats that were sacrificed 7 d after surgery (t(13) =
4.13, P=0.001).

Discussion

Targeted delivery of ChABC into themPFC and PPCwas performed
to degrade CSPGs and PNNs prior to rats being tested on the TUNL
task. ChABC infusions into the mPFC initially led to a higher per-
cent accuracy, more selection trials completed, and fewer correc-
tion trials when a novel 20 sec delay (condition 4) was introduced
in the TUNL task. ChABC infusions into the mPFC had no effect
on a standard 6 sec delay (condition 1), a variable 2 or 6 sec delay
(condition 2), or an interference condition (condition 3) in
TUNL. ChABC infusions into the PPC resulted in no effect in any
of the 4 TUNL conditions. Notably, immunohistochemistry re-
vealed that ChABC infusions into themPFC increased C4S intensi-
ty and decreasedWFA intensity. Furthermore, ChABC significantly
reduced PNN count, PV+ cell count, and the percent of PV+ cells
surrounded by PNNs. In the PPC, ChABC infusions led to increased
C4S intensity, but had no effect onWFA intensity, PNNcount, PV+
cell count, or the percent of PV+ cells surrounded by PNNs.
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Figure 5. ChABC infusions into the mPFC decreased WFA staining intensity and increased C4S stain-
ing for cleaved CSPG stubs. Representative images of (A) DAPI, (B) WFA, and (C ) C4S. (D) ChABC in-
fusions into the mPFC significantly reduced WFA staining intensity in the mPFC, but not in the lateral
S1 reference region. (E) ChABC infusions into the mPFC significantly increased the intensity of C4S
staining in the mPFC, but had no effect within the S1 reference region. PEN, n=12; ChABC, n=11;
(*) P<0.05.
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In the present study, stereotaxic coordinates and ChABC vol-
umes for mPFC infusions were based on our previous study (Paylor
et al. 2018). Like our previous study, mPFC infusions of ChABC
significantly increased C4S intensity, indicative of more CSPG
stubs, and decreased WFA intensity, indicative of fewer intact
CSPGs in the ECM. The physiological role for the persistence of
C4S stubs near the injection site is not entirely clear. While
PNNs have been shown to begin to reappear 30 d after ChABC
treatment, our studies suggest that C4S staining remains elevated
after the same period (Slaker et al. 2015; Paylor et al. 2018). In
both the present study and our previous study, PNNs were signifi-
cantly decreased following ChABC infusions (Paylor et al. 2018).
As PNNs were only partially reduced, some sparing of function
is likely. There was also a reduction in PV+ cells in the present
study; however, PV+ cell counts were unaffected in our previous
study. Because PNNs protect the neurons that they ensheathe
from oxidative stress and support functional cell signaling and
ion buffering (Brückner et al. 1993; Morawski et al. 2004;
Dzyubenko et al. 2016), PNN degradation may have impaired
the physiological function of PV+ interneurons that they sur-
rounded, which could have led to PV+ cell loss (Morishita et al.
2015; Chu et al. 2018). This mechanism, in part, has been eluci-
dated using 8-oxo-7,8-dihydro-20-deoxyguanine (8-oxo-dG), a
marker for DNA oxidation, which has shown that PV+ cells lack-
ing a PNN are preferentially affected by oxidative stress

(Cabungcal et al. 2013). Alternatively,
the different behavioral tasks performed
in the two studies may have led to differ-
ences in the experience dependent plas-
ticity of PV+ cell networks (Donato
et al. 2013), which could explain why
there was a reduction in PV+ cells in
the present study, but not our previous
study. In future experiments, the activa-
tion of PV+ cells, or other neuron sub-
types, in ChABC-exposed rats during
TUNL could be assessed using c-fos im-
munohistochemistry in an attempt to
address this hypothesis (Paylor et al.
2018).

In contrast to the mPFC, ChABC in-
fusions into the PPC had no effect on
PNN intensity. The reduction in mPFC
PNNs but not PPC PNNs could have re-
sulted from more ChABC spread in the
PPC, since it is wider than the mPFC.
The lack of PNN reduction in the PPC
may also have resulted from infusions be-
ing done anterior to the part of the PPC
that was imaged. Infusions were per-
formed between −3.30 and −3.80 mm
posterior to bregma, while the PPC was
imaged between −3.84 and −4.68 mm
posterior to bregma. Alternatively, PNNs
in the PPC may regrow at a faster rate
than PNNs in the mPFC. For example, it
appears that PNNs in V1 regrow more
quickly than PNNs in the mPFC. After be-
ing normalized to a reference region,
WFA intensity in the V1 went from about
0.05 seven days postsurgery to 0.6 thirty
days postsurgery (Lensjø et al. 2017b).
In the present study, the mPFC showed
a normalized WFA intensity of about 0.4
seven days postsurgery to 0.7 thirty days
postsurgery, although somemethodolog-

ical differences between the studies make direct comparisons diffi-
cult. Thus, cortical region-dependent PNN regrowth rate may
explain why PNNs in the mPFC, but not the PPC, were signifi-
cantly reduced in the present study.

The battery of TUNL conditions in this study was designed to
assess the effects of PNN degradation on spatialWM, susceptibility
to interference, and behavioral flexibility. In general, rats per-
formed better on trials with large separations compared to trials
with small separations and on trials with shorter delays compared
to trials with longer delays. Interestingly, in a single 60-min block
of TUNL with a variable 2 or 6 sec delay (condition 2), rats per-
formed worst on trials with a 6 sec delay and large stimulus separa-
tions (Table 1). In contrast, in previous experiments that used
consistent 2 and 6 sec delays in counterbalanced 30-min blocks,
rats performed worst on trials with a 6 sec delay and small separa-
tions, as would be expected based on the difficulty of the discrim-
ination and longer delay (Talpos et al. 2010; Davies et al. 2017;
Hurtubise et al. 2017; Scott et al. 2019). The response latency of
rats on incorrect trials was longer than the response latency on cor-
rect trials, which suggests that rats hesitate when unsure of the cor-
rect choice.

The results from the present study support the idea that corti-
cal PNNs play a subtle role in complex cognitive tasks. Rats treated
with mPFC ChABC had initially improved accuracy, performed
more selection trials, and performed fewer correction trials
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Figure 6. ChABC infusions into the mPFC reduced PV+ cell density but did not affect PNN density.
Representative images of (A) DAPI, (B) WFA, (C ) PV+, and (D) merged images. (E) ChABC had no
effect on PNN density (F) The density of PV+ interneurons significantly decreased following ChABC in-
fusions. (G) ChABC-treated animals had significantly fewer PV+ cells surrounded by PNNs compared to
controls. PEN, n=12; ChABC, n=11; (*) P<0.05.
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compared to controls in the 20 sec delay condition. The initial im-
provement in accuracy was specific to large separation trials and
did not occur in small separation trials. This is likely because small
stimulus separation trials at a 20 sec delay are very challenging and
difficult for a rat to perform above chance. The performance
of more selection trials can be generally attributed to more correct
choices beingmade and lower response latencies. The performance
of fewer correction trials represents less perseveration on incorrect
choices and can be inferred as increased behavioral flexibility
(Kumar et al. 2015; Lins et al. 2015; Hurtubise et al. 2017). This
initial improvement when a 20 sec delay was used, but not when
2 or 6 sec delays were used, is a delay-dependent effect, which
has previously been observed following mPFC manipulation
(Herremans et al. 1996; Delatour and Gisquet-Verrier 1999;
McAllister et al. 2013). Perhaps the improved performance of
ChABC-treated rats was related to a period of increased synaptic
plasticity caused by ChABC, which could have facilitated the
functional connections of neurons that are involved in WM.
Memory improvements coupled with increased synaptic plasticity
have previously been observed in animals with attenuated PNNs
(Carulli et al. 2010; Morellini et al. 2010; Romberg et al. 2013).
Alternatively, the improvement in initial performance could be
the result of increased behavioral flexibility, because the 20 sec
delay condition was the only condition that introduced a novel
delay. Interestingly, one group observed a similar effect following
mPFC lesions. When rats were trained on a 5 sec delay, mPFC
lesions impaired performance when they were tested on a novel
20 sec delay (Delatour and Gisquet-Verrier 1999). However,
mPFC-lesioned rats that were trained on a variable 0, 5, 10, or 20
sec delay were not impaired when switched to a nonvariable 20
sec delay (Gisquet-Verrier et al. 2000). The initial improved perfor-
mance in the 20 sec delay condition could also be explained by the
inability of rats to wait for a stimulus, as this has previously been
observed following mPFC inactivation (Narayanan et al. 2006).
Consistent with this, results indicated a general trend toward lon-

ger response latencies in ChABC-treated
rats compared to controls in all condi-
tions tested. Finally, improved perfor-
mance following mPFC ChABC, but not
PPC ChABC infusions was surprising,
because WM has been proposed to rely
on fronto-parietal circuits (Eriksson et al.
2015). Perhaps this dissociation is the re-
sult of the mPFC and PPC contributing
to spatial WM in different ways.

Performance of the TUNL task de-
pends on a distributed neural circuitry
also including the hippocampus (Talpos
et al. 2010; Josey and Brigman 2015;
Kim et al. 2015). PNNs are expressed
in the rodent hippocampus (Seeger et al.
1994; Yamada and Jinno 2013; Lensjø
et al. 2017a; Griffiths et al. 2019), in
particular in the CA2 subregion
(Carstens et al. 2016; Hayani et al. 2018;
Domínguez et al. 2019). As PNN degrada-
tion in dorsal hippocampus alters behav-
ior and cognition in a number of tasks
(Hylin et al. 2013; Domínguez et al.
2019), future studies assessing the effects
of disturbing PNNs in dorsal hippo-
campus on TUNL may contribute to our
understanding of their role in the
hippocampus.

In conclusion, this experiment
showed that modulation of PNNs in

the mPFC results in subtle consequences for adapting to a novel
delay in the TUNL spatial WM task, while PNNs in the PPC do
not. Automated touchscreen tasks such as TUNL are useful
because they allow for careful control over task difficulty, which
can reveal subtle behavioral effects associated with PNN reduc-
tions. Since reduced cortical PNNs have been observed in pa-
tients with CNS disorders, as well as animal models of those
disorders, ChABC infusions are a valuable tool for studying
the relationship between PNNs and cognition because they allow
for PNNs to be acutely degraded in specific brain areas. However,
surgical infusions of ChABC are labor intensive and relatively
short-lasting. Recently, an inducible viral vector has been devel-
oped that can efficiently and reversibly degrade PNNs by regulat-
ed delivery of ChABC (Burnside et al. 2018). In future studies,
this technology or other molecules (Stephenson et al. 2019)
could be used to carefully control PNN density during behavioral
experiments to study the relationship between PNN density and
cognitive function.

Materials and Methods

Subjects
Forty-eight Long–Evans rats were trained on the TUNL task in two
separate cohorts. All animals were housed in clear, ventilated plas-
tic cages in a temperature-controlled vivarium. Each subject was
provided with a plastic tube for enrichment and was maintained
on a 12h:12h light–dark cycle. All experimental procedures were
conducted during the light phase, and subjects were left undis-
turbed during the dark phase. Animals were food restricted and
were maintained at 85% of their free-feeding weight. Water was
available ad libitum, except during testing. All experiments were
approved by the University of Saskatchewan Research Ethics
Board and were conducted in accordance with the standards of
the Canadian Council on Animal Care.
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Figure 7. ChABC infusions into the PPC increased C4S staining for cleaved CSPG stubs but had no
effect on WFA intensity. Representative images of (A) DAPI, (B) WFA, and (C) C4S. (D) ChABC infusions
into the PPC had no effect on WFA intensity in the PPC or in a reference region lateral to the PPC.
(E) ChABC infusions into the PPC significantly increased the intensity of C4S staining in the PPC, but
had no effect within a reference region lateral to the PPC. PEN, n=12; ChABC, n=11; (*) P<0.05.
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Training apparatus
All training and testing took place in eight touchscreen-equipped
operant conditioning chambers (Lafayette Instruments). These
chambers are trapezoidal in shape, with a food magazine port po-
sitioned parallel and across from the wall with the touchscreen.
A black polycarbonate mask with 14 squares presented in a 7×2
pattern (seven squares horizontally, two squares vertically) covered
the touchscreen during the TUNL task. This pattern was visually
obstructed with the use of a spring-loaded “response shelf” that
rats needed to intentionally press down in order to nose-poke
the touchscreen. On the opposite side of the chamber, the food
magazine dispensed odorless reward pellets (Dustless Precision
Pellets, 45 mg, Rodent Purified Diet; BioServ). This food magazine
was also equipped with a reward light and an infra-red nose-poke
detector. A metal mesh with holes constituted the floor of the
chamber, and the roof was a transparent plastic lid. Each operant
conditioning chamber was located on a sliding shelf at the base
of a sound-attenuating largewooden box. In addition to the cham-
ber, each box contained a pellet dispenser, video camera, small
ventilation fan, and a house light that was activated following in-
correct responses.

Handling and habituation
Upon being transported to the vivarium, rats were left undisturbed
for a minimumof 2 wk. After this time, they were each handled for

two consecutive days before training
began. Each rat was handled in the
touchscreen rooms to familiarize them
to that environment. To get to this
room from the vivarium, rats were trans-
ported up an elevator with the use of a
cart. After becoming accustomed to this
transportation route and handling for 3
d, rats were habituated to the touchscreen
box. On the first day of habituation, each
rat was assigned to and placed into a spe-
cific touchscreen chamber for 1 h. During
this time, ten reward pellets weremanual-
ly placed into the touchscreen’smagazine
port, and all technology was turned on
(two computers, each controlling four
touchscreen devices).

TUNL pretraining (Figure 1)
The pretraining protocol followed a mod-
ified version of the instructions provided
by Lafeyette, which involved completion
of a series of stages until criterion was
reached. TUNL pertaining was composed
of four stages: initial touch, must touch,
must initiate, and punish incorrect.
Initial Touch Training introduced the
rats to the touchscreen stimuli and their
relationship to a food reward. During
each trial, 1 of the 14 squares was illumi-
nated. When a rat touched the illuminat-
ed square, three reward pellets were
immediately dispensed into the food
port. If the illuminated squarewas left un-
touched for 30 sec, however, the stimulus
was removed and only a single pellet was
dispensed. Each trial was followed by an
ITI period of 20 sec. In order to reach cri-
terion for Initial Touch Training, rats
must have completed 100 trials in
60 min. During each trial of Must Touch
Training, 1 of the 14 squares was illumi-
nated but they remained lit until touched
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Figure 8. ChABC infusions into the PPC did not reduce PNN density or PV+ cell density. Representative
images of (A) DAPI, (B) WFA, (C ) PV+, and (D) merged images. (E) ChABC infusions into the PPC had no
effect on PNN density, (F) ChABC infusions into the PPC had no effect on PV+ cell density, (G) ChABC
infusions into the PPC had no effect on the percent of PV+ cells surrounded by PNNs. PEN, n=12;
ChABC, n=11.

Figure 9. Comparison of normalized WFA intensities of rats that were
sacrificed 30 d after mPFC PEN infusions, 7 d after mPFC ChABC infusions,
or 30 d after mPFC ChABC infusions. WFA intensity was normalized for
each rat by using S1 as a control reference region. PEN-treated rats that
were sacrificed 30 d after surgery had a significantly higher normalized
WFA intensity than ChABC-treated rats that were sacrificed 7 or 30 d
after surgery. ChABC-treated rats sacrificed 7 d after surgery had a signifi-
cantly lower normalized WFA intensity than ChABC-treated rats sacrificed
30 d after surgery. ChABC 7, n=4; ChABC 30, n=11; PEN 30, n=12; * sig-
nificantly different from all other groups (P<0.05).
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by a rat, upon which time a single reward pellet was dispensed.
Criterion for this stage involved completing 100 trials in 60 min.
During Must Initiate Training, rats are required to poke their
nose in the food magazine to initiate trials identical to those in
Must Touch Training. Criterion involved completing 100 trials in
60 min. The final pretraining stage was Punish Incorrect
Training, in which each trial began with a rat poking its nose
into the food reward port. This led to the presentation of a stimulus
(illuminated square). If a rat touched the stimulus, a reward pellet
was dispensed and a new trial began following an ITI. If the rat
touched an unilluminated square, however, a timeout period
began. During the timeout, no reward pellet was dispensed, the
house light turned on for 5 sec, and then an ITI began. The previ-
ous trial was then repeated until the rat correctly selected the cor-
rect stimulus (these repeated trials were termed as “correction
trials”). Criterion was the completion of 100 trials within 60 min
with >80% accuracy on two consecutive days.

TUNL task acquisition
After a rat completed pretraining, itwasmovedon to learn the stan-
dardTUNL task (Fig. 2). Each trial beganbya rat poking its nose into
the rewardmagazine. This initiated the sample phase, inwhich1 of
the 14 squares was lit. If a rat touched one of these illuminated
squares, there was a 1 in 3 chance of a pellet being dispensed, and
the stimulus was removed from the screen for a 2 sec delay.
Following the delay, the rat was required to poke its nose into the
reward magazine to start the choice phase. During this phase, the
sample square and anovel squarewere illuminated simultaneously.
A correct response was made when the rat touched the novel
square (nonmatched to the sample square). Correct responses led
to a reward pellet being dispensed, followed by a 20 sec ITI. A
new “selection trial” began at the end of the ITI, with a new square
being illuminated that had to be different from the previous trial’s
stimulus. If an incorrect response was made, with the rat selecting
the sample square, the house light turned on for 5 sec and no re-
ward was dispensed. After this timeout period, a 20 sec ITI would
begin, followed by a trial identical to the previous trial. Trials
that repeat the same illuminated sample and choice square stimuli
are termed “correction trials,” and are repeated consecutively until
a correct choice is made. Accuracy was recorded automatically as a
measure of the percent of correct responsesmade during correction
trials. During this TUNL acquisition phase, rats were required to
complete 42 trials in 30 min. Once the majority (>50%) of rats
reached this criterion, all rats were simultaneously moved onto
the final 6-sec delay TUNL task (from the 2 sec TUNL acquisition
task). In this final TUNL task, rats were trained until they complet-
ed a minimum group average of 50 trials at 65% accuracy.

PEN and ChABC
The protocol for preparing PEN and ChABCwas based on previous
work (Romberg et al. 2013; Paylor et al. 2018). The enzymes (Sigma
Aldrich) were mixed fresh daily in a 0.1% Bovine Serum Albumin
(Sigma Aldrich) solution to a final concentration of 100 units/mL
and filtered with a 0.2 µm filter attached to a syringe. Mixed en-
zymeswere protected from light and stored on ice until immediate-
ly before infusion.

mPFC infusions of PEN or ChABC
Twenty-four ratswere assigned to themPFC condition,with twelve
receiving PEN treatment and twelve receiving ChABC treatment.
PEN is a widely utilized control bacterial enzyme for ChABC treat-
ments in studies of brain and spinal cord ECM degradation which
does not cleave apart the components of CSPGs (Moon et al. 2001;
Bradbury et al. 2002; Pizzorusso et al. 2002). Before the operation,
injectors were made from 35 Ga silica tubing (WPI), glued to PE-50
tubing, and then set upwith the stereotaxic apparatus. Prior to and
throughout the procedure, rats were anesthetized with an isoflur-
ane gas inhalant (Janssen). All rats were administered a 0.5 mg/
kg subcutaneous dose of the analgesic Anafen (Merial Canada
Inc) prior to surgery. Once anesthetized, animals were positioned

in the stereotaxic apparatus. Next, the scalp was cut with a scalpel
and retracted to expose the skull. Holes were then drilled into the
skull and the injectors set up with stereotaxic apparatus were in-
serted bilaterally at the following coordinates: anteroposterior
(AP) +3.0 mm; lateral (L) 0.7 mm; dorsoventral (DV) 4.4 mm rela-
tive to bregma. From there, either ChABC (100 units/mL) or PEN
(100 units/mL) (depending on the treatment group) was infused
at the DV coordinates −4.4, −4.2, and −3.9 mm. These infusions
were performed at a rate of 0.1 µL per minute for 2 min (total infu-
sion volume of 0.6 µL/side). Injectors were left in place for an addi-
tional 6 min to allow for diffusion of the solution away from the
final infusion site (DV=−3.9 mm). After this time the injectors
were slowly removed, the holes in the skull were filled with bone
wax, and then the wound was closed with stitches.

PPC infusions of PEN or ChABC
Twenty-four rats were assigned to the PPC condition, with twelve
receiving PEN treatment and twelve receiving ChABC treatment.
Surgery setup and anesthetization of animals matched that of
mPFC infusions. Once anesthetized, animals were positioned in
the stereotaxic apparatus. Next, the scalp was cut with a scalpel
and retracted to expose the skull. Holes were then drilled into
the skull and the injectors set up with stereotaxic apparatus were
inserted bilaterally at and anterior location and a posterior loca-
tion. The anterior location had the following coordinates: AP
−3.30 mm; L 2.80 mm; DV −1.20 mm relative to bregma. The pos-
terior location had the following coordinates: AP−3.80mm; L 3.00
mm; DV −1.30 mm relative to bregma. From there, either ChABC
(100 units/mL) or PEN (100 units/mL) (depending on the treat-
ment group) was infused at the anterior location with the DV coor-
dinates of −1.10 and −1.00 mm, and at the posterior location with
the DV coordinates of −1.30 and −1.20 mm. These infusions were
performed at a rate of 0.2 µL per minute for 2 min (total infusion
volume of 0.6 µL/side at the anterior location and 1.2 µL/side at
the posterior location). Injectors were left in place for an additional
6 min to allow for diffusion of the solution away from the final in-
fusion site (anterior DV=−1.0 mm, posterior DV=−1.20 mm).
After this time the injectors were slowly removed, the holes in
the skull werefilledwith bonewax, and then thewoundwas closed
with stitches.

TUNL testing protocol
Testing was performed between 5 to 10 d after surgery (Fig. 1). The
first 3 d (testing days 1–3) of testing consisted of a standard 6 sec
delay TUNL task. This tested the effect of ChABC on the same con-
dition that ratswere trained on. Thenext 4 d of testing (testing days
4–7) consisted of a variable 2 or 6 sec delay to test delay-dependent
changes in WM. The following 2 d (days 8–9) tested for interfer-
ence, in which the delay was set to 2 sec and the ITI period was
set from 20 to 1 sec. Finally, the final 6 d of testing (testing days
10–15) consisted of a challenging and novel 20 sec delay period.
The amount of testing days in each condition was based on the av-
erage number of selection trials performed per daywithin that con-
dition. Each testing condition consisted of a total of 150–300
selection trials. One rat from themPFCChABCgroupwas excluded
as an outlier in each of the four conditions, as the number of selec-
tion trials that they completed in each condition was greater than
two standard deviations from the mean.

Tissue collection
After behavioral testing, rats were deeply anesthetized with iso-
fluorane. Once fully anesthetized, they were perfused with PBS fol-
lowed by 4% paraformaldehyde using infusion pumps. Following
perfusion, brains were extracted and stored in a sucrose azide solu-
tion (30% sucrose, 0.1% azide in water) at 20°C. Next, the brains
were mounted onto a chuck with optimal cutting temperature
(OCT) gel and frozen using cold, pressurized carbon dioxide gas.
They were then sectioned using a sliding microtome at 40 µm
and collected in a bath of 0.05 M PBS.
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Immunohistochemistry
Slices were stored on slides in a −20° freezer until they were re-
moved and thawed to room temperature (20 min) prior to the im-
munohistochemistry protocol. Slides were washed three times in
1× PBS for 10 min each. After this, slides were incubated with
10% Protein Block, serum-free (Dako) in 1× PBS for 1 h. Slides
were then incubated overnight with a primary antibody solution
of 1% Protein Block, 1% Bovine Serum Albumin, and 98% 1×
PBS with 0.1% Triton X-100 detergent. Primary antibodies used
were as follows: mouse anti-chondroitin-4-sulfate (C4S; 1:400;
Millipore), Wisteria Floribunda Agglutinin (WFA; 1:1000; Swant),
rabbit anti-Parvalbumin (PV; 1:1000; Swant). The following day,
slides were again washed three times, twice in PBS 1× with 1%
Tween-20 and then once in PBS 1×. Slides were then incubated
for 1 h with secondary antibodies as follows: donkey anti-mouse
Alexa Fluor 488 (1:200; Invitrogen), donkey anti-rabbit Alexa
Fluor 546 (1:200; Invitrogen), and Streptavidin 647 (1:200;
Invitrogen). After the 1-h secondary incubation, slides were
washed three times, twice in PBS 1× with 1% Tween-20 and once
with PBS 1×. Slides were then labeled with 4′,6-diamidino-
2-phenylindole (DAPI) in Vectashield mounting medium (Vector
Labs) and a coverslip was placed over the slide.

Widefield epifluorescence microscopy
Images of sections were acquired on a LEICA DMI6000B
Microscope using LAS AF computer software. To landmark the
mPFC and PPC we used The Rat Brain in Stereotaxic Coordinates
and selected based on features identified in the DAPI nuclear stain-
ing pattern (Paxinos andWatson 2007). ThemPFCwas imaged be-
tween +2.76 and +3.24 mm anterior to bregma with the imaging
window extending from the midline through cortical layers 1–6.
All images for analysis were captured at 10× magnification and
six images were taken per animal. Images from the somatosensory
cortex were taken from within the same sections as images for the
mPFC (+2.76 to +3.24 mm), to control for any variability between
animals in staining intensity. The PPC was imaged between −3.84
and −4.68 mm posterior to bregma with the imaging window ex-
tending from the dorsal surface of the brain through cortical layers
1–6. Within the LAS AF software, a constant gain, exposure, and
light intensity was used across all animals.

Image analysis
Tissue analysis was conducted on unmodified images by an exper-
iment blind to the experimental conditions. Staining intensity was
quantified from all stains using the automated quantification soft-
ware CellProfiler (Lamprecht et al. 2007) Images were loaded into
the software and analyzed using the MeasureImageIntensity mod-
ule. Cell numbers were counted manually using the ImageJ Cell
Counter function.

Statistical analyses
All data are presented as mean± SEM. Statistical analyses were
conducted in SPSS (IBM SPSS Statistics 25) using two-tailed
independent-samples t-tests and repeated measures ANOVAs.
Significance was set at P<0.05.
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