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Abstract: An inadequate stress response is associated with impaired neuroimmunoendocrine com-
munication, increasing morbidity and mortality. Since catecholamines (CA) constitute one of the
acute stress response pathways, female mice with an haploinsufficiency of the tyrosine hydroxylase
gene (TH-HZ), the main limiting enzyme in CA synthesis, show low CA amounts, exhibiting an
impairment of homeostatic systems. The aim of this study was to investigate the effect of a punctual
stress in TH-HZ mice, determining the differences with wild-type (WT) mice and those due to sex by
restraint with a clamp for 10 min. After restraint, a behavioral battery was performed, and several
immune functions, redox state parameters, and CA amounts were evaluated in peritoneal leukocytes.
Results show that this punctual stress impaired WT behavior and improved female WT immunity
and oxidative stress, whereas in TH-HZ mice, all parameters were impaired. In addition, different
responses to stress due to sex were observed, with males having a worse response. In conclusion,
this study confirms that a correct CA synthesis is necessary to deal with stress, and that when a
positive stress (eustress) occurs, individuals may improve their immune function and oxidative state.
Furthermore, it shows that the response to the same stressor is different according to sex.

Keywords: punctual stress; tyrosine hydroxylase haploinsufficiency; behavior; immune functions;
oxidative stress; sex; restrain

1. Introduction

The stress response is defined as a reaction to a perceived threat to homeostasis [1].
However, it is commonly associated with negative effects that threaten health without
considering that a stressful situation can also be positive for adaptation to the environment
and for anticipating the different challenges of life [2,3]. Accordingly, a good way to
classify stress is into eustress (good stress) and distress (bad stress), so that distress would
involve a situation that could impair normal physiological functions and even lead to
pathological conditions, whereas eustress could benefit health through the optimization
of homeostasis induced by hormesis. Consequently, an optimal level of stress is essential
for building biological shields to ensure normal vital processes [2]. Now, considering that
the maintenance of health depends on the correct performance of the homeostatic systems
(nervous, immune, and endocrine) and the correct communication between them [4,5], and
that the stress response is directly associated with homeostasis, it can be asserted that a
deficient response to stress would produce an alteration in the neuroimmunoendocrine
communication, which would increase morbidity and mortality [4,6]. Biologically, the
stress response is mediated by different mechanisms that lead to the activation of the
hypothalamic–pituitary–adrenal (HPA) axis and the sympathetic–adreno–medullary (SAM)
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axis. This work will be focused only on the SAM axis since it is responsible for the
production of catecholamines (CA), constituting one of the main response pathways to
acute stress within neuroimmunoendocrine communication thanks to the receptors that
the organism presents both centrally and peripherally [7–9]. In the nervous system, CAs,
mainly noradrenaline (NA) and dopamine (DA), are responsible for the regulation of mood,
motivation, arousal, and plasticity, as well as for the development of various functions
such as cognition, attention, the anxiety response, memory formation, and locomotion
control [10,11]. In the immune system, CAs act mainly by regulating both innate and
adaptive immunity [12,13].

The catecholamine pathway can be limited by several factors, but one of them can be
an inactivation of tyrosine hydroxylase (TH), the first enzyme in the synthesis of CA [14].
In this background, it has been observed that mice that are hemizygotes for the gene
that synthesizes CA (TH), the TH-HZ mice, show a decrease in TH activity, resulting in a
lower production of CA, which has been associated with an impairment of the homeostatic
systems. This is associated with impaired sensorimotor skills, decreased exploration, and
increased anxiety levels accompanied by the establishment of premature immunosenes-
cence and oxidative-inflammatory stress leading to accelerated aging and, therefore, a
lower longevity compared to their corresponding wild type (WT) counterparts [15–17].

To study the different responses that various stressors can have on the interactions that
occur between the nervous, immune, and endocrine systems, different animal models have
been proposed. Some of the most commonly employed stressors are restraint, social dis-
ruption, cold exposure, restraint with cold exposure, electric shock, forced swimming, food
deprivation, wet sawdust, cage agitation, cat odor exposure, or reversal of the light/dark
cycle [18–23]. Most of these methods report different effects that acute stress can have
on animals, such that if they involve eustress for them, they will benefit the health of the
animals, whereas if they involve distress, they could impair it. However, these protocols
have not been applied to animal models that present an altered stress pathway, such as
TH-HZ mice, so it is not possible to know whether individuals with this genetic alteration
would have a similar response to a stressor as WT individuals. Based on that, the aim of the
present study was to investigate the effect in the behavior, immunity, and oxidative state
of an acute stress by restraint in TH-HZ mice, and to determine the differences compared
to the response in WT mice. In addition, it is known that there are sex differences in the
functions of homeostatic systems and in the involvement of these systems in the response
to stress situations [24]. Since these sex differences in the stress response of TH-HZ mice
are still unknown, this aspect was also studied.

2. Results
2.1. Behavioral Tests

To determine the differences between WT and TH-HZ females and males, and the
effect of a punctual stress, we assayed in each experimental group (Female: WT Basal, WT
Post-stress, TH-HZ Basal, and TH-HZ Post-stress; Male: WT Basal, WT Post-stress, TH-HZ
Basal, and TH-HZ Post-stress) a battery of behavioral tests. This battery included: visual
placing and hindlimb extensor reflex tests, wood rod test, a tightrope test, an elevated plus
maze, a marble burying test, a holeboard test, a T-maze test, and a corner test. The results
are summarized in Figures 1–3 and Tables 1 and 2.
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Figure 1. Sensorimotor abilities. (A) Time (in seconds) to complete the wood rod test. (B) Percentage 
(%) of animals that completed the tightrope test. (C) Percentage (%) animals that performed the 
tightrope test with the maximum traction. Each column represents the mean ± standard deviation 
of values corresponding to 6 animals. * p < 0.05, *** p < 0.001 compared to basal condition, a p < 0.05, 
aa p < 0.01, aaa p < 0.001 compared to WT. ## p < 0.01 compared to female. WT B: Wild type basal. 
WT PS: Wild type post-stress. TH-HZ B: TH-HZ basal. TH-HZ PS: TH-HZ post-stress. 

Figure 1. Sensorimotor abilities. (A) Time (in seconds) to complete the wood rod test. (B) Percentage
(%) of animals that completed the tightrope test. (C) Percentage (%) animals that performed the
tightrope test with the maximum traction. Each column represents the mean ± standard deviation of
values corresponding to 6 animals. * p < 0.05, *** p < 0.001 compared to basal condition, a p < 0.05, aa
p < 0.01, aaa p < 0.001 compared to WT. ## p < 0.01 compared to female. WT B: Wild type basal. WT
PS: Wild type post-stress. TH-HZ B: TH-HZ basal. TH-HZ PS: TH-HZ post-stress.
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Figure 2. Anxiety-like behaviors. (A) Time (in seconds) in open arms of elevated plus maze (EPM). 
(B) Time (in seconds) in closed arms of EPM. (C) Number of pieces moved in the marble burying 
test. Each column represents the mean ± standard deviation of values corresponding to 6 animals. * 
p < 0.05, ** p < 0.01, *** p < 0.001 compared to basal condition, a p < 0.05, aa p < 0.01, aaa p < 0.001 
compared to WT. ## p < 0.01, ### p < 0.001 compared to female. WT B: Wild type basal. WT PS: Wild 
type post-stress. TH-HZ B: TH-HZ basal. TH-HZ PS: TH-HZ post-stress. 

Figure 2. Anxiety-like behaviors. (A) Time (in seconds) in open arms of elevated plus maze (EPM).
(B) Time (in seconds) in closed arms of EPM. (C) Number of pieces moved in the marble burying
test. Each column represents the mean ± standard deviation of values corresponding to 6 animals.
* p < 0.05, ** p < 0.01, *** p < 0.001 compared to basal condition, a p < 0.05, aa p < 0.01, aaa p < 0.001
compared to WT. ## p < 0.01, ### p < 0.001 compared to female. WT B: Wild type basal. WT PS: Wild
type post-stress. TH-HZ B: TH-HZ basal. TH-HZ PS: TH-HZ post-stress.
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Figure 3. Exploratory behaviors. (A) Total locomotion in holeboard test (HBT). (B) Number of head-
dippings performed in HBT. (C) Time (in seconds) to complete the entire T-maze. (D) Number of 
visited corners in the corner test. Each column represents the mean ± standard deviation of values 
corresponding to 6 animals. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to basal condition, a p < 
0.05, aa p < 0.01, aaa p < 0.001 compared to WT. # p < 0.05, ## p < 0.01, ### p < 0.001 compared to 
female. WT B: Wild type basal. WT PS: Wild type post-stress. TH-HZ B: TH-HZ basal. TH-HZ PS: 
TH-HZ post-stress. 

Table 1. Sensorimotor abilities and anxiety-like behaviors evaluated in female and male WT and 
TH-HZ mice in basal and post-stress conditions. 

 Females Males 

 WT 
Basal 

WT 
Post-Stress 

TH-HZ 
Basal 

TH-HZ 
Post-
Stress 

WT 
Basal 

WT 
Post-Stress 

TH-HZ 
Basal 

TH-HZ 
Post-Stress 

Weight (g) 39 ± 2 39 ± 1 38 ± 3 40 ± 2 41 ± 1 40 ± 1 40 ± 2 42 ± 1 
Reflex 

Visual placing reflex 
% Mice showing this response 

Hindlimb extensor reflex 
% Mice showing this response 

 
 

100 
 

100 

 
 

100 
 

100 

 
 

100 
 

100 

 
 

100 
 

100 

 
 

100 
 

100 

 
 

100 
 

100 

 
 

100 
 

100 

 
 

100 
 

100 
Wood rod test 

Motor coordination 
Latency to leave the starting segment (s) 

Total number of crossing segments 
Time of permanence (s) 

 
 

4 ± 2 
3 ± 1 
16 ± 5 

 
 

8 ± 5 
5 ± 2 

43 ± 18 * 

 
 

10 ± 6 
5 ± 2 
23 ± 6 

 
 

9 ± 11 
2 ± 2 * a 
48 ± 22 * 

 
 

4 ± 1 
3 ± 1 
11 ± 3 

 
 

5 ± 3 
6 ± 2 * 

35 ± 22 * 

 
 

14 ± 4 aa 
3 ± 1 

28 ± 5 aaa 

 
 

4 ± 2 *** 
4 ± 3 

46 ± 17 * 
Equilibrium 

% Mice falling off the wood rod 
Latency to fall (s) 

% Mice that complete the test 
Time to complete the test (s) 

 
0 
0 

100 
(Figure 1A) 

 
0 
0 
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0 
0 
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0 
0 

25 ** a 
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0 
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0 
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50 a 

 
0 
0 
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Other behaviors 
Number of freezings 
Time of freezing (s) 

% Mice performing freezing 

 
0 
0 
0 

 
1 ± 1 

3 ± 1 ** 
25 

 
0 
0 
0 

 
2 ± 1 

3 ± 1 ** 
63 ** a 

 
0 
0 
0 

 
0 
0 
0 

 
0 
0 
0 

 
1 ± 1 

3 ± 1 * a 
12 # 

Tightrope test 
Motor coordination 

Total number of crossing segments 

 
 

3 ± 1 

 
 

2 ± 1 

 
 

3 ± 1 

 
 

1 ± 1 ** 

 
 

4 ± 1 

 
 

3 ± 1 

 
 

4 ± 1 

 
 

3 ± 1 ## 

Figure 3. Exploratory behaviors. (A) Total locomotion in holeboard test (HBT). (B) Number of
head-dippings performed in HBT. (C) Time (in seconds) to complete the entire T-maze. (D) Number
of visited corners in the corner test. Each column represents the mean ± standard deviation of
values corresponding to 6 animals. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to basal condition,
a p < 0.05, aa p < 0.01, aaa p < 0.001 compared to WT. # p < 0.05, ## p < 0.01, ### p < 0.001 com-
pared to female. WT B: Wild type basal. WT PS: Wild type post-stress. TH-HZ B: TH-HZ basal.
TH-HZ PS: TH-HZ post-stress.

Table 1. Sensorimotor abilities and anxiety-like behaviors evaluated in female and male WT and
TH-HZ mice in basal and post-stress conditions.

Females Males

WT
Basal

WT
Post-Stress

TH-HZ
Basal

TH-HZ
Post-Stress

WT
Basal

WT
Post-Stress

TH-HZ
Basal

TH-HZ
Post-Stress

Weight (g) 39 ± 2 39 ± 1 38 ± 3 40 ± 2 41 ± 1 40 ± 1 40 ± 2 42 ± 1

Reflex
Visual placing reflex

% Mice showing this response
Hindlimb extensor reflex

% Mice showing this response

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

Wood rod test
Motor coordination

Latency to leave the starting
segment (s)

Total number of crossing
segments

Time of permanence (s)

4 ± 2
3 ± 1

16 ± 5

8 ± 5
5 ± 2

43 ± 18 *

10 ± 6
5 ± 2
23 ± 6

9 ± 11
2 ± 2 * a
48 ± 22 *

4 ± 1
3 ± 1

11 ± 3

5 ± 3
6 ± 2 *

35 ± 22 *

14 ± 4 aa
3 ± 1

28 ± 5 aaa

4 ± 2 ***
4 ± 3

46 ± 17 *

Equilibrium
% Mice falling off the wood rod

Latency to fall (s)
% Mice that complete the test
Time to complete the test (s)

0
0

100
(Figure 1A)

0
0
63

0
0

75

0
0

25 ** a

0
0

100

0
0
63

0
0

50 a

0
0
50

Other behaviors
Number of freezings
Time of freezing (s)

% Mice performing freezing

0
0
0

1 ± 1
3 ± 1 **

25

0
0
0

2 ± 1
3 ± 1 **
63 ** a

0
0
0

0
0
0

0
0
0

1 ± 1
3 ± 1 * a

12 #

Tightrope test
Motor coordination

Total number of crossing
segments

Time of permanence (s)

3 ± 1
20 ± 4

2 ± 1
42 ± 18 *

3 ± 1
50 ± 8 aaa

1 ± 1 **
31 ± 24

4 ± 1
24 ± 5

3 ± 1
28 ± 14

4 ± 1
50 ± 7 aaa

3 ± 1 ##
40 ± 16
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Table 1. Cont.

Females Males

WT
Basal

WT
Post-Stress

TH-HZ
Basal

TH-HZ
Post-Stress

WT
Basal

WT
Post-Stress

TH-HZ
Basal

TH-HZ
Post-Stress

Muscular vigor
% Mice falling off the tightrope

Latency to fall (s)
% Mice that complete the test
Time to complete the test (s)

12
29 ± 4

(Figure 1B)
21 ± 5

38
37 ± 5 *
10 ± 7 *

20
17 ± 2 aaa
45 ± 12 aa

63 *
22 ± 19
0 *** a

0
0 ###

23 ± 5

13
26 ± 6 *** ##

24 ± 7 ##

50 a
28 ± 4 aaa ###

0 aaa ###

36
23 ± 8

34 ± 14 ** ##

Traction (%)
Low

Medium
Maximum

0
12

(Figure 1C)

13
0

0
30

50 *
13

0
0

0
13

20
60

0 #
25

Elevated plus maze
Number of times mice explore

open arms
Number of times mice explore

closed arms
Time in open arms (s)

Time in closed arms (s)
Time in central platform (s)

% Time in open arms
% Time in closed arms

% Time in central platform
Number of rearings
Time of rearings (s)

Number of groomings
Time of groomings (s)

7 ± 3
8 ± 2

(Figure 2A)
(Figure 2B)
100 ± 16
16 ± 3
51 ± 12
33 ± 9
7 ± 3

12 ± 4
1 ± 1
4 ± 2

1 ± 1 **
1 ± 1 ***

11 ± 16 ***
0.3 ± 1 ***
96 ± 4 ***
3.7 ± 1 ***

5 ± 2
7 ± 4

11 ± 2 ***
15 ± 3 ***

3 ± 2 a
17 ± 3 aaa

23 ± 8 aaa
5 ± 1 aaa
88 ± 7 aaa
8 ± 3 aaa

7 ± 2
9 ± 3

15 ± 4 aaa
17 ± 5 aaa

1 ± 1 *
3 ± 2 ***

6 ± 2 **
0.3 ± 1 ***

95 ± 2 *
4.7 ± 1 *

6 ± 2
9 ± 2

18 ± 3 aa
27 ± 4 ** aaa

3 ± 1 #
14 ± 2 ###

74 ± 13 #
5 ± 2 ###
70 ± 6 ##

25 ± 3
18 ± 3 ###
25 ± 4 ###

3 ± 2
7 ± 2 #

1 ± 1 **
1 ± 1 ***

11 ± 16 ***
0.3 ± 1 **
96 ± 4 ***
3.7 ± 2 ***
5 ± 2 ***
6 ± 3 ***

11 ± 3 ***
18 ± 5 **

1 ± 1 aa
13 ± 4

78 ± 23 ##
1 ± 1 aa ###
68 ± 4 ###

31 ± 3 aa ###
14 ± 5 #

16 ± 4 aa ##
5 ± 3 ###
9 ± 2 ##

1 ± 1
3 ± 2 ***

14 ± 12 ***
0.3 ± 1

95 ± 3 ***
4.7 ± 1 ***

6 ± 2 **
8 ± 3 **

18 ± 2 *** aa
25 ± 4 *** a

Burial behavior
Standard condition

Number of intact pieces
Number of moved pieces
Number of buried pieces

2 ± 1
(Figure 2C)

6 ± 3

10 ± 1 ***

2 ± 1 *

5 ± 1 aaa

8 ± 2

6 ± 1 aaa

6 ± 1 aaa

1 ± 1

9 ± 1

2 ± 1 ###

7 ± 1 ** ###

4 ± 1 aaa

6 ± 2 a

8 ± 1 *** aaa
##

2 ± 1 ** aaa
###

Bizonal condition
Number of intact pieces

Number of moved pieces
Number of buried pieces

3 ± 1
6 ± 2
2 ± 2

4 ± 1
4 ± 1
3 ± 1

1 ± 2
6 ± 1

6 ± 1 aa

1 ± 1 aaa
7 ± 1 aaa
5 ± 1 aa

1 ± 1 ##
5 ± 2

5 ± 1 #

1 ± 1 ###
7 ± 1 ###
6 ± 1 ###

3 ± 2
4 ± 1 ##

3 ± 1 aa ###

3 ± 1 aa ##
5 ± 1 aa ##
3 ± 1 aaa ##

Each value represents the mean ± standard deviation of values corresponding to 6 animals. * p < 0.05, ** p < 0.01,
*** p < 0.001 compared to basal condition, a p < 0.05, aa p < 0.01, aaa p < 0.001 compared to WT. # p < 0.05,
## p < 0.01, ### p < 0.001 compared to females.

Table 2. Exploratory behaviors evaluated in female and male WT and TH-HZ mice in basal and
post-stress conditions.

Females Males

WT
Basal

WT
Post-Stress

TH-HZ
Basal

TH-HZ
Post-Stress

WT
Basal

WT
Post-Stress

TH-HZ
Basal

TH-HZ
Post-Stress

Holeboard test
Non-goal-directed behavior

Vertical exploration
Number of wall rearings
Time of wall rearings (s)

Number of central rearings
Time of central rearings (s)

Horizontal exploration
Inner locomotion

Middle locomotion
External locomotion

Total locomotion
Inner locomotion average

Middle locomotion average
External locomotion average

Total locomotion average
% Middle locomotion
% External locomotion

% Total locomotion
Other behaviors

Number of groomings
Time of groomings (s)
Number of freezings
Time of freezings (s)

Goal-directed behavior
Number of head dippings
Time of head dippings (s)

16 ± 4
19 ± 5
9 ± 4
8 ± 3

48 ± 7
139 ± 11
169 ± 12
Figure 3A

12 ± 2
12 ± 3
10 ± 2
12 ± 2
13 ± 3
39 ± 5
47 ± 5

0
0
0
0

Figure 3B
53 ± 9

10 ± 3 *
11 ± 4 *
2 ± 2 **
4 ± 3 *

17 ± 12 ***
53 ± 24 ***
128 ± 28 *

4 ± 2 ***
4 ± 1 ***
7 ± 1 *

5 ± 1 ***
7 ± 6

22 ± 13 *
71 ± 18 ***

2 ± 1 **
5 ± 2 **
2 ± 1 **
7 ± 3 **

32 ± 6 **

38 ± 5 aaa
41 ± 5 aaa
2 ± 1 aa
4 ± 1 a

17 ± 4 aaa
63 ± 5 aaa
174 ± 18

4 ± 1 aaa
5 ± 1 aa

9 ± 1
7 ± 1 aaa
6 ± 2 aa

25 ± 3 aaa
69 ± 5 aaa

12 ± 3 aaa
17 ± 9 aa

4 ± 3 a
5 ± 2 aa

11 ± 3 aaa

0 *** aaa
0 *** aa

0 **
0 *** a

7 ± 6 **
54 ± 23

144 ± 14 **

1 ± 1 *** a
4 ± 2

7 ± 1 **
6 ± 1
5 ± 4

21 ± 11
73 ± 15

16 ± 3 * aaa
24 ± 3 aaa
5 ± 1 aaa

6 ± 2

3 ± 1 *** aaa

20 ± 4
22 ± 3
5 ± 2
7 ± 2

38 ± 6 #
118 ± 12 #
196 ± 22 #

10 ± 1
10 ± 1
10 ± 2
10 ± 1
11 ± 1
34 ± 3

56 ± 3 ##

0
0
0
0

49 ± 15

8 ± 2 ***
10 ± 5 ***

0 **
0 *** #

13 ± 10 ***
79 ± 12 *** #
212 ± 32 ###

3 ± 1 ***
7 ± 1 *** ###
11 ± 1 ###
8 ± 1 ** ###

4 ± 2 ***
26 ± 3 ***
70 ± 3 ***

5 ± 2 ** #
9 ± 2 *** ##

4 ± 2 **
9 ± 1 ***

16 ± 3 ** ###

32 ± 5 aa
32 ± 5 aa #

1 ± 1 aa
1 ± 1 aaa ###

21 ± 7 aa
73 ± 11 aaa

176 ± 19

5 ± 2 aaa
6 ± 1 aaa

9 ± 1
7 ± 1 aaa
8 ± 2 a

27 ± 1 aa
65 ± 3 aaa

8 ± 5 a
8 ± 5 a
3 ± 2 a
3 ± 2 a

11 ± 3 aa

0 *** aaa
0 *** aa

0
0

6 ± 4 **
31 ± 8 *** aaa

133 ± 20 ** aaa

2 ± 1 *
3 ± 2 * aa

7 ± 1 ** aaa
5 ± 1 ** aaa

4 ± 2 **
18 ± 3 *** aaa
78 ± 5 *** aa

10 ± 2 aa ##
16 ± 1 * aaa ###

8 ± 4 *
12 ± 3 *** ##

5 ± 1 ** aaa ##
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Table 2. Cont.

Females Males

WT
Basal

WT
Post-Stress

TH-HZ
Basal

TH-HZ
Post-Stress

WT
Basal

WT
Post-Stress

TH-HZ
Basal

TH-HZ
Post-Stress

T-Maze test
Horizontal exploration

Intersection time (s)
Exploratory efficacy (s)

Vertical exploration
Number of rearings
Time of rearings (s)

Other behaviors
Number of groomings
Time of groomings (s)
Number of freezings
Time of freezings (s)

7 ± 1
Figure 3C

2 ± 1
3 ± 2

0
0
0
0

5 ± 2

1 ± 1
3 ± 1

1 ± 1
2 ± 1 **

0
0

13 ± 1 aaa

2 ± 1
2 ± 1

0
0
0
0

10 ± 3 aa

0 **
0 ** aaa

3 ± 1 *** aa
8 ± 2 *** aaa
2 ± 1 ** aa
5 ± 2 ** aa

4 ± 2 #

9 ± 2 ###
10 ± 2 ###

0
0
0
0

6 ± 1

1 ± 1 ***
3 ± 1 ***

1 ± 1
2 ± 1 **

0
0

21 ± 3 aaa ###

2 ± 1 aaa
3 ± 1 aaa

3 ± 5
8 ± 2 aaa ###
2 ± 1 aa ##

6 ± 1 aaa ###

8 ± 2 ***

0 **
0 *** aaa

1 ± 1 ##
10 ± 2 aaa

5 ± 1 *** aaa ###
7 ± 2 aaa

Corner test
Number of corners

Number of wall rearings
Number of groomings
Number of scratches

Figure 3D
2 ± 1
1 ± 1
3 ± 2

5 ± 1 ***
1 ± 1
2 ± 1

7 ± 3 aa
1 ± 1 a

0

4 ± 2
1 ± 1
1 ± 1

5 ± 2 #
1 ± 1
2 ± 1

4 ± 1
3 ± 2
1 ± 1

6 ± 1
1 ± 1

2 ± 1 ##

3 ± 2 *
10 ± 2 *** aaa ###

1 ± 1

Each value represents the mean ± standard deviation of values corresponding to 6 animals. * p < 0.05, ** p < 0.01,
*** p < 0.001 compared to basal condition, a p < 0.05, aa p < 0.01, aaa p < 0.001 compared to WT. # p < 0.05,
## p < 0.01, ### p < 0.001 compared to females.

2.1.1. Sensorimotor Abilities

Related to the sensorimotor abilities, no differences were observed between TH-HZ
and WT in basal condition (B) females except for in the tightrope test, where TH-HZ B
females presented an elevated time of permanence (Table 1 p < 0.001), less latency to fall
(Table 1 p < 0.001) and took more time to complete the test (Table 1 p < 0.01) than the WT
B females group. In TH-HZ B males, more differences were observed compared to the
WT B group. In the wood rod test, TH-HZ B males presented more latency to leave the
first segment (Table 1 p < 0.01) and a greater time of permanence (Table 1 p < 0.001) than
males of the WT B group, whereas in the tightrope test TH-HZ B males took more time of
permanence (Table 1 p < 0.001), a higher percentage of individuals fell off (Table 1 p < 0.05),
there was more latency to fall (Table 1 p < 0.001), and a lower percentage of individuals
completed the test (Figure 1B p < 0.001) with the maximum traction (Figure 1C p < 0.01)
compared with the male WT B group.

When the effects of a punctual stress were evaluated related to the sensorimotor abili-
ties, it can be observed that WT females after stress (PS) performed the wood rod test worse
than in those in the basal condition, who presented a higher time of permanence (Table 1
p < 0.05) and took more time for freezing (Table 1 p < 0.01). However, they performed the
tightrope test better, as they spent less time to complete the test (Table 1 p < 0.05), showed a
higher latency to fall (Table 1 p < 0.05), and had a better time of permanence (Table 1 p < 0.05)
than females in the WT B group. Regarding TH-HZ PS females, they showed deteriorated
sensorimotor abilities compared to the basal condition as they crossed fewer segments
(Table 1 p < 0.05), took a greater time of permanence (Table 1 p < 0.05), less percentage of
animals completed the test (Table 1 p < 0.01), and a greater percentage of animals performed
freezing (Table 1 p < 0.01) during a greater time (Table 1 p < 0.01) in comparison to the
female TH-HZ B group. Nevertheless, they took less time to complete the test (Figure 1A
p < 0.05) than the TH-HZ B group. In the tightrope test, the TH-HZ PS group crossed fewer
segments (Table 1 p < 0.01), a greater percentage of animals fell off (Table 1 p < 0.05), and
any animal that completed the test (Figure 1B p < 0.001) as a lower percentage of animals
performed the maximum traction (Figure 1C p < 0.05) compared with the TH-HZ B group.
WT males after stress showed deteriorated sensorimotor abilities as they took a greater
time of permanence (Table 1 p < 0.05) and more time to complete (Figure 1A p < 0.05) the
wood rod test compared with males in the WT B group. TH-HZ PS males performed the
wood rod test worse compared with the TH-HZ B group as they took a greater time of
permanence (Table 1 p < 0.05), more time to complete the test (Figure 1A p < 0.05), and spent
more time performing freezing (Table 1 p < 0.05), while they improved in the tightrope
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test as a higher percentage of animals completed the test (Figure 1B p < 0.001) with the
maximum traction (Figure 1C p < 0.05) compared with TH-HZ B group.

Finally, when sex differences were considered, the male WT B group took less time to
complete the wood rod test (Table 1 p < 0.01) and no one fell off the tightrope test (Table 1
p < 0.001) compared with the female WT B group. However, after punctual stress, WT
males presented less latency to fall (Table 1 p < 0.01) and took more time to complete the
tightrope test (Table 1 p < 0.01) than the female WT PS group. In the case of the TH-HZ
group in basal conditions, males had a higher latency to fall (Table 1 p < 0.001), and no
one completed the tightrope test (Table 1 p < 0.001) in comparison with the female TH-
HZ B group. After stress, male TH-HZ mice took more time to complete the wood rod
test (Figure 1A p < 0.01) and a higher percentage of animals completed the tightrope test
(Figure 1B p < 0.01) compared with the female TH-HZ PS group.

2.1.2. Anxiety-like Behaviors

When the anxiety-like behaviors were evaluated, in basal conditions the TH-HZ
females presented higher anxiety levels compared with WT B female group. It was shown
in the elevated plus maze, where TH-HZ B females spent less time in open arms (Figure 2A
p < 0.001) and more time in closed arms (Figure 2B p < 0.001) compared with the WT B
group. The male TH-HZ B group also showed higher anxiety levels compared with the
WT B group, as they spent a smaller percentage of time in open arms (Table 1 p < 0.01).
When the stress effects over anxiety-like behavior were evaluated, WT PS females presented
higher anxiety levels, as they spent less time in open arms (Figure 2A p < 0.001) and more
time in closed arms (Figure 2B p < 0.001) in the elevated plus maze compared to the female
WT B group. In females, the TH-HZ PS group in the elevated plus maze revealed the
same result as in the female WT group, thus, stress caused higher anxiety levels (Figure 2A
p < 0.001; Figure 2B p < 0.05). However, in TH-HZ PS females, high anxiety levels were also
reflected in the marble burying test, where they moved more pieces (Figure 2C p < 0.001)
than the TH-HZ B group. On the other side, males after stress also presented higher anxiety
levels. WT PS males spent less time in open arms (Figure 2A p < 0.001) and more time in
closed arms (Figure 2B p < 0.001) in the elevated plus maze and moved more pieces in the
marble burying test (Figure 2C p < 0.05) compared to the WT B group. Similarly, the male
TH-HZ PS group showed the same results in the elevated plus maze (Figure 2A p < 0.05;
Figure 2B p < 0.01) compared to the TH-HZ B group. When sex differences were analyzed,
it could be observed that males showed higher anxiety levels than females. In the elevated
plus maze, the male WT B and TH-HZ B groups spent less time in open arms (Figure 2A
p < 0.001) and more time in closed arms (Figure 2B p < 0.001; p < 0.01) compared with the
female WT B and TH-HZ B groups, respectively. After the stress condition, in the elevated
plus maze, either the WT PS or TH-HZ PS males presented higher anxiety levels compared
with their corresponding female groups. In contrast, in the marble burying test WT PS
males moved more pieces in standard condition (Figure 2C p < 0.001), while TH-HZ PS
males moved fewer pieces in standard condition (Figure 2C p < 0.01) in comparison to the
females of each group.

2.1.3. Exploratory Behaviors

Regarding exploratory behaviors, TH-HZ B females exhibited an impaired exploration
compared with the female WT B group. It was shown in the holeboard test (HBT), where
TH-HZ B mice presented a lower inner, middle, and total locomotion (Table 2 and Figure 3A
p < 0.001), and a lower number of head-dippings (Figure 3B p < 0.001). In the T-maze test,
they took more time to complete the test (Figure 3C p < 0.01) compared to the female WT
B group. TH-HZ B males showed similar results as TH-HZ B females. They presented a
lower inner, middle, and total locomotion (Table 2 p < 0.01; p < 0.001; Figure 3A p < 0.001),
and a lower number of head-dippings (Figure 3B p < 0.001) in HBT, and they spent more
time completing the T-maze test (Figure 3C p < 0.001) compared to the male WT B group.
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In WT females, after stress lower locomotion was observed in HBT. In fact, this was
observed in the total (Figure 3A p < 0.001) and in the external, middle, and inner areas
(Table 2 p < 0.05; p < 0.01; p < 0.01) as well as in the T-maze, where they took more time to
complete the test (Figure 3C p < 0.01), whereas in the corner test it was observed that they
visited more corners (Figure 3D p < 0.001) in comparison to the female WT B group. After
stress, TH-HZ females showed a lower inner and external locomotion (Table 2 p < 0.01), as
well as lower goal-directed exploration as they performed fewer head-dippings (Figure 3B
p < 0.01) in HBT compared with the TH-HZ B group. They also took more time to complete
the T-maze test (Figure 3C p < 0.05) and visited a smaller number of corners (Figure 3D
p < 0.001) in the corner test with respect to the TH-HZ B group. Similarly, males after
stress showed deteriorated exploratory behavior. WT PS males performed lower inner,
middle, and total locomotion (Table 2 p < 0.001; Figure 3A p < 0.05) as well as a smaller
number of head-dipping (Figure 3B p < 0.001) in HBT and spent more time to complete
the T-maze test (Figure 3C p < 0.05), whereas in the corner test, they visited more corners
(Figure 3D p < 0.05) in comparison to the WT B group. TH-HZ PS males also showed
lower locomotion (Table 2 p < 0.001; Figure 3A p < 0.001) and a deteriorated goal-directed
exploration (Figure 3B p < 0.001) in HBT compared to the TH-HZ B group.

Sex differences in exploratory behaviors were also evident. It was observed that WT B
males presented lower locomotion (Table 2 p < 0.05) in HBT compared with WT B females,
and this trend was also shown by WT PS males (Table 2 p < 0.001) compared to WT PS
females. TH-HZ B males took more time to complete the T-maze (Figure 3C p < 0.001) and
visited a fewer number of corners (Figure 3D p < 0.001) in the corner test in comparison to
the TH-HZ B females. After stress conditions, TH-HZ males showed lower total locomotion
(Figure 3A p < 0.01) in HBT compared with TH-HZ PS female group.

2.2. Immune Function

When the immune function parameters were evaluated, several differences were
observed. TH-HZ B females and males presented impaired immunity in comparison
with both the WT B groups. These impairments are reflected in macrophage functions
as the chemotaxis (Figure 4A p < 0.001), phagocytic efficacy (Table 3 p < 0.001), and
phagocytic index (Figure 4B p < 0.001), as well as in lymphocyte functions as chemotaxis
(Table 3 p < 0.001), basal and LPS proliferative responses (Figure 4D p < 0.001; Table 3
p < 0.001), and in the antitumoral natural killer activity (Table 3 p < 0.001). After stress,
WT females improved their macrophage chemotaxis (Figure 4A p < 0.05), phagocytic
efficacy (Table 3 p < 0.01), phagocytic index (Figure 4B p < 0.001), and their natural killer
activity (Table 3 p < 0.001), whereas lymphocyte chemotaxis (Table 3 p < 0.001) and basal
lymphoproliferation (Figure 4D p < 0.001) were impaired compared to the WT B group. TH-
HZ females did not show any improvement after stress; thus they presented an impaired
macrophage and lymphocyte chemotaxis (Figure 4A p < 0.001; Table 3 p < 0.001), and
lymphoproliferation in response to ConA and LPS (Figure 4C p < 0.001; Table 3 p < 0.001)
in comparison to the TH-HZ B group. Similarly, males after stress showed a general
impairment of their immune function. WT PS males showed an altered macrophage
function in their chemotaxis (Figure 4A p < 0.001), phagocytic efficacy (Table 3 p < 0.05), and
phagocytic index (Figure 4B p < 0.01), and a higher basal lymphoproliferation (Figure 4D
p < 0.001) compared to the WT B group. On their side, TH-HZ PS males showed greater
impairment in their phagocytic efficacy (Table 3 p < 0.01), phagocytic index (Figure 4B
p < 0.01), lymphocyte chemotaxis (Table 3 p < 0.05), a higher basal lymphoproliferation
(Figure 4D p < 0.01), a lower lymphoproliferation in response to ConA and LPS (Figure 4C
p < 0.001; Table 3 p < 0.001), and a deteriorated natural killer activity (Table 3 p < 0.01)
with respect to the TH-HZ B group. In general, males of all groups presented an impaired
immune function compared to females of the same group (Table 3 and Figure 4).
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Figure 4. Immune function parameters. (A) Macrophage chemotaxis index. (B) Phagocytic index.
(C) Lymphoproliferative response to ConA (c.p.m). (D) Basal lymphoproliferative response (c.p.m).
Each column represents the mean ± standard deviation of values corresponding to 6 animals.
* p < 0.05, ** p < 0.01, *** p < 0.001 compared to basal condition, a p < 0.05, aaa p < 0.001 compared
to WT. ## p < 0.01, ### p < 0.001 compared to female. WT B: Wild type basal. WT PS: Wild type
post-stress. TH-HZ B: TH-HZ basal. TH-HZ PS: TH-HZ post-stress.

Table 3. Immune functions evaluated in peritoneal leukocytes of female and male WT and TH-HZ
mice in basal and post-stress conditions.

Females Males

WT
Basal

WT
Post-Stress

TH-HZ
Basal

TH-HZ
Post-Stress

WT
Basal

WT
Post-Stress

TH-HZ
Basal

TH-HZ
Post-Stress

Macrophage functions
Chemotaxis index (C.I)
Phagocytic efficacy (%)

Phagocytic index

Figure 4A
74 ± 1

Figure 4B 85 ± 6 **
49 ± 4 aaa

54 ± 11 aaa 75 ± 3 68 ± 6 * ### 57 ± 3 aaa
## 48 ± 4 ** aaa

Lymphocyte functions
Chemotaxis index (C.I)
Lymphoproliferation
Basal response (c.p.m)
LPS response (c.p.m)

ConA response (c.p.m)

1119 ± 124

Figure 4D
4336 ± 135
Figure 4C

739 ± 128
***

4235 ± 284

758 ± 67 aaa

3249 ± 294
aaa

197 ± 54 ***
aaa

1254 ± 289
*** aaa

654 ± 76 ###

3897 ± 281 #

586 ± 17 #

3546 ± 322
##

299 ± 36 aaa
###

2199 ± 255
aaa ###

256 ± 22 * aaa
#

1239 ± 233 ***
aaa

Natural Killer activity (%) 42 ± 2 67 ± 3 *** 28 ± 3 aaa 31 ± 4 aaa 35 ± 3 ## 37 ± 6 ### 26 ± 2 aaa 17 ± 4 ** aaa
###

Antioxidant compounds
Catalase activity

(UI CAT/106 cells)
Glutathione reductase activity

(mU GR/106 cells)
Glutathione peroxidase activity

(mU GPx/106 cells)
Reduced glutathione levels

(nmol GSH/106 cells)

19 ± 3

63 ± 12

Figure 5A

Figure 5B

16 ± 3

367 ± 28 ***

10 ± 3 aaa

39 ± 15 a

7 ± 3 aaa

57 ± 12 *
aaa

14 ± 3 #

47 ± 10 #

21 ± 2 ** ##

59 ± 5 * ###

9 ± 6

27 ± 11 aa

9 ± 4 aaa

74 ± 17 ***

Oxidant compounds
Xanthine oxidase activity

(U XAO/106 cells)
Oxidized glutathione levels

(nmol GSSG/106 cells)

Figure 5C

1.25 ± 0.39 2.47 ± 0.12
*** 2.55 ± 0.98 a 4.46 ± 0.23

** aaa
1.88 ± 0.23

##
3.45 ± 0.23

*** ###
2.82 ± 0.13

aaa
4.54 ± 0.13 ***

aaa

Redox state indicator
GSSG/GSH Ratio Figure 5D

Each value represents the mean ± standard deviation of values corresponding to 6 animals. * p < 0.05, ** p < 0.01,
*** p < 0.001 compared to basal condition, a p < 0.05, aa p < 0.01, aaa p < 0.001 compared to WT. # p < 0.05,
## p < 0.01, ### p < 0.001 compared to females.
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(B) Reduced glutathione levels (nmol GSH/106 cells). (C) Xantine oxidase activity (U XO/106 cells)
(D) GSSG/GSH ratio. Each column represents the mean ± standard deviation of values correspond-
ing to 6 animals. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to basal condition, a p < 0.05, aa p < 0.01,
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type basal. WT PS: Wild type post-stress. TH-HZ B: TH-HZ basal. TH-HZ PS: TH-HZ post-stress.

2.3. Oxidative Stress

When the oxidative stress parameters were evaluated, TH-HZ B females exhibited
a greater rate of oxidative stress in comparison to the WT B group. They showed lower
catalase (CAT) and glutathione reductase (GR) activities (Table 3 p < 0.001; p < 0.05), lower
levels of reduced glutathione (GSH) (Figure 5B p < 0.001), higher xanthine oxidase (XO)
activity (Figure 5C p < 0.001), higher levels of oxidized glutathione (GSSG) (Table 3 p < 0.05),
and a higher GSSG/GSH ratio (Figure 5D p < 0.001) with respect to the female WT B group.
TH-HZ B males presented lower amounts of antioxidant defenses, such as GR (Table 3
p < 0.01) and glutathione peroxidase (GPx) activities (Figure 5A p < 0.05), as well as lower
amounts of GSH (Figure 5B p < 0.01) and higher levels of oxidant compounds such as GSSG
(Table 3 p < 0.001), which were translated in a higher GSSG/GSH ratio (Figure 5D p < 0.01)
in comparison to the WT B group. After stress, WT females showed greater antioxidant
defenses, GR, and GPx activities (Table 3 p < 0.001; Figure 5A p < 0.01), and higher levels of
GSH (Figure 5B p < 0.001), but they also exhibited greater amounts of oxidant compounds as
evidenced by the XO activity and GSSG (Figure 5C p < 0.001; Table 3 p < 0.001) compared to
the WT B group. Female TH-HZ PS mice presented greater amounts of GR and XO activity,
and GSSG (Table 3 p < 0.05; Figure 5C p < 0.001; Table 3 p < 0.001;), as well as a higher
GSSG/GSH ratio (Figure 5D p < 0.001) with respect to the TH-HZ B group. Males after
stress showed a similar response to females. WT PS males exhibited higher levels of CAT,
GR activities, and GSH (Table 3 p < 0.01; p < 0.05; Figure 5B p < 0.001), lower GPx activity
(Figure 5A p < 0.05), and higher amounts of GSSG (Table 3 p < 0.001) compared to the WT B
group. TH-HZ PS males showed a greater GR activity (Table 3 p < 0.001), as well as greater
levels of GSSG (Table 3 p < 0.001) and a higher GSSG/GSH ratio (Figure 5D p < 0.05) with
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respect to the TH-HZ B group. Finally, when females and males were compared, it was
observed that males presented a higher oxidative profile than females, having lower levels
of antioxidant compounds and greater amounts of oxidant compounds in comparison to
females, and this was reproduced in all experimental groups (Table 3 and Figure 5).

2.4. Catecholamine Concentrations

Finally, the catecholamine concentrations were evaluated. TH-HZ B females and males
showed lower concentrations of adrenaline (A) (Figure 6A p < 0.05; p < 0.001), noradrenaline
(NA) (Figure 6B p < 0.001; p < 0.001), and dopamine (DA) (Figure 6C p < 0.001; p < 0.001)
in their peritoneal leukocytes compared to the WT B group. After stress, female WT PS
mice increased their A and NA concentrations (Figure 6A p < 0.01; Figure 6B p < 0.05)
with respect to the female WT B group, whereas the male WT PS group increased their A
amounts (Figure 6A p < 0.001) and decreased their DA concentrations (Figure 6C p < 0.001)
in comparison to the male WT B group. Regarding the TH-HZ groups, no differences were
observed after stress, except for a decrease in the A concentrations in the male TH-HZ PS
group (Figure 6A p < 0.001). Finally, in basal conditions, there was not any difference due to
sex in the WT group, but after stress WT PS males showed a lower concentration of A and
DA (Figure 6A p < 0.01; Figure 6C p < 0.001) with respect to the female WT PS group. In the
TH-HZ group, the catecholamine concentrations were similar in females and males. Only
TH-HZ males showed a lower concentration of DA in the basal and post-stress conditions
(Figure 6A p < 0.05; Figure 6A p < 0.01) with respect to the female TH-HZ groups.
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NA/106 cells). (C) Dopamine (ng DA/106 cells). Each column represents the mean ± standard
deviation of values corresponding to 6 animals. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to basal
condition, a p < 0.05, aa p < 0.01, aaa p < 0.001 compared to WT. # p < 0.05, ## p < 0.01, ### p < 0.001
compared to female. WT B: Wild type basal. WT PS: Wild type post-stress. TH-HZ B: TH-HZ basal.
TH-HZ PS: TH-HZ post-stress.

3. Discussion

This study is the first to analyze the effects that a punctual stress can have on the
organism both under normal conditions and when catecholamine synthesis is affected
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by a genetic haploinsufficiency, clarifying the importance of catecholamine synthesis in
the acute stress response in vivo. In addition, it has also allowed us to know the different
responses to a punctual stress due to sex.

Firstly, the differences between wild type (WT) and hemizygotes for the tyrosine
hydroxylase (TH-HZ) genotype were confirmed by observing the results obtained in basal
conditions and comparing these ones with the results previously published using these
same animals. In fact, both female and male TH-HZ mice presented impaired sensorimotor
skills and exploratory behaviors, as well as higher levels of anxiety compared to the
WT ones. In addition, both innate and adaptive immunity as well as the redox state of
TH-HZ mice were altered, showing a pro-inflammatory and pro-oxidant profile. These
results confirm the previous ones shown by Garrido and colleagues [4,15,17,25,26], where
the authors described that female mice at adult age with this genetic haploinsufficiency
constitute a model of premature aging in mice, since all their homeostatic systems (nervous,
immune, and endocrine) are impaired, together with a shorter lifespan.

It is known that catecholamine synthesis is essential for providing an adequate re-
sponse to any stressful situation, and there are many studies that investigate how they act
in the face of different stressors, their route of action, and the different responses of the
organism in the face of acute or chronic stress [18–23]. However, few of them focus on
studying how the response to a stressor would be when the catecholamine synthesis is re-
duced. In our case, we wanted to observe how a punctual stress by a 10 min immobilization
affected both WT and TH-HZ mice.

In the case of WT mice, we observed that after this punctual stress, the sensorimotor
abilities of the animals did not suffer any change, while the anxiety levels were increased
and exploratory abilities were reduced, compared to their basal condition. This could be
due to the effect of immobilization with the restraint, as it has been observed how impeding
the movement of the animals produces elevated anxiety levels [27].

Regarding the immune function, it was observed how WT PS females improved
their innate response by presenting higher macrophage chemotaxis and higher phagocytic
efficiency, as well as better Natural Killer activity. On the contrary, WT PS males showed
an impairment of their innate immune function. This sex difference would be due to
the fact that the final release of glucocorticoids and corticosteroids is highly influenced
by gonadal hormones and genes on the sex chromosome [24]. With regard to adaptive
functions, there are no differences in any WT group that were obtained, which could be
due to the type of stress, since, being a punctual stress, it would not be so prolonged as to
intervene with the adaptive immunity [28,29]. What could be observed in WT PS mice was
an increased sterile inflammation after stress. Something similar to this can be observed
in the oxidative stress parameters, where it can be observed how WT PS females, despite
an increase in their oxidative compounds (oxidized glutathione and xanthine oxidase),
that the punctual stress also produced a favorable response in their antioxidant defenses
(reduced glutathione, glutathione reductase, and peroxidase) that allowed the organism
to maintain a balance in its oxidative state. Similarly, WT PS males also managed to
maintain oxidative balance through an increased reduced glutathione and glutathione
reductase activity, despite increased oxidized glutathione. Maintaining oxidative balance is
essential for the proper functioning of homeostatic systems and thus for the maintenance
of health [4].

In the case of TH-HZ mice, the response to the punctual stress was worse than in
WT. This is to be expected since, presenting a reduced synthesis of catecholamines, they
cannot perform an adequate response to this stressful situation [15,25]. Firstly, it can be
observed how the nervous function was impaired after stress, resulting in an impaired
equilibrium and neuromuscular vigor, as well as in elevated levels of anxiety and decreased
directed and undirected exploratory abilities compared to TH-HZ B group. Similarly, both
the innate and adaptive immune function were either impaired or remained the same as
in the basal condition. This is logical considering that already in the basal condition these
functions were quite reduced compared to their WT B controls. However, it is probable
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that if the stressor had been prolonged over time, the immune function in the TH-HZ
group would have deteriorated, compromising the health of these individuals [28,29].
Regarding the oxidative state, it is worth mentioning that the TH-HZ PS group failed to
regulate the increase in oxidants that they underwent with stress (oxidized glutathione
and xanthine oxidase activity), establishing a clear oxidative stress as indicated by the
GSSG/GSH ratio [30].

This study, beyond the differences observed between the different genotypes and the
response to stress, has also revealed the differences that exist at the nervous, immune, and
oxidative state levels simply because they belong to one sex. In WT, it can be observed
how females presented generally better behavioral abilities than males by having better
equilibriums and lower anxiety, while in exploration they behaved the same, as already
observed in other studies [31–33]. Regarding the innate immunity, both sexes presented
similar functionality in the basal condition, while in adaptive immunity it can be observed
how the males presented a worse proliferative response to mitogens, showing a worse
inflammatory response than females [34]. It is worth noting that the males in basal condi-
tions were much more oxidized than females as the GSSG/GSH ratio shows us, mainly
due to a lower antioxidant response [35], and to the fact that their mitochondria produce
twice as many ROSs as those of females [36]. Finally, it should be noted that WT males
had a worse response to stress than WT females, as they exhibited greater nervousness
in their behavior that could sometimes lead to the misinterpretation of results, as well as
impaired innate and adaptive immune functionality, a greater sterile inflammation and, of
course, a situation of oxidative stress higher to that of females. This fact may be mainly
due to a condition associated with gonadal hormones and sex chromosomes, which act at
different levels of the HPA axis [37]. This poorer adaptive capacity of males would be one
of the reasons why they have a lower longevity [38]. The same is shown in the case of the
TH-HZ mice, however, in this genotype, the differences due to sex are not as notable as
in the WT. This may be due to the fact that, regardless of sex, the TH-HZ mice start with
having impaired nervous, immune, and oxidative functions compared to WT mice, so that,
as mentioned above, there is a limit below which a functional response would not occur, so
that the difference between this limit and the impaired functionality presented by TH-HZ
mice cannot be as wide as that observed in WT mice.

Finally, the catecholamine deficit in TH-HZ mice has been constantly discussed, and
this study points to how the different catecholamine synthesis affects the stress response in
the different experimental groups. After stress, WT females increased their adrenaline and
noradrenaline concentration in peritoneal leukocytes, while the males showed an increase
in their adrenaline concentration and a decrease in dopamine concentration. In TH-HZ
mice, it can be observed that after stress there was no increase in the concentration of any
catecholamine; moreover, adrenaline decreased in males. Finally, with respect to sex, WT
males in basal conditions did not show any difference in their catecholamine concentration
compared to females, while after stress males showed a lower concentration of adrenaline
and dopamine than females. In addition, TH-HZ males, independently of the punctual
stress showed no difference in adrenaline and noradrenaline concentration with respect to
TH-HZ females, while, both in the basal and post-stress condition, they presented a lower
concentration of dopamine.

These differences between the experimental groups in their catecholamine concen-
trations explain the results obtained when the different functions are evaluated given the
close relationship between catecholamines and the homeostatic systems [7,39]. Regarding
immunity, stress and catecholamine release regulate many functions of the immune sys-
tem, such as cytokine production [40,41], proliferation [42], apoptosis of splenic cells [43],
changes in leukocyte subsets [44,45], splenic macrophage phagocytosis [46], and NK cell
cytotoxicity [12], thus catecholamines can be said to play a key role in the regulation of
innate and adaptive immunity [13]. In this sense, the regulation of the immune system is
mainly mediated by noradrenaline and dopamine, moreover, the immune cells themselves
are able to synthesize noradrenaline through dopamine beta-hydroxylase [13], which could
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justify the decrease in this in WT males after stress, since they would be dealing dopamine
to the synthesis of noradrenaline, trying to maintain their immune function. In addition,
the increase in noradrenaline that occurs in WT females after stress would be favoring the
improvement of the immune system functionality. In addition, an increase in adrenaline
has been related to an increased production of proinflammatory cytokines [47], which
would explain the increase in sterile inflammation observed in our study. Furthermore,
as the immune system is closely related to the oxidative state of individuals [4,5], this
leads to noradrenaline and dopamine also playing a role in the maintenance of the redox
state. Based on this, it is known that these two hormones have antioxidant properties [48],
which agrees with the results obtained, since we observed that WT PS females increased
the concentration of noradrenaline that favors the action of antioxidant defenses, such as
glutathione peroxidase and glutathione reductase activity that aim to produce reduced
glutathione to balance the oxidative compounds produced, among others, by xanthine
oxidase. In the case of WT males, we observed that after stress, there was no increase
in noradrenaline, but they were able to maintain redox balance compared to the basal
condition. Finally, when we look at TH-HZ mice, it can be observed how a clear oxidative
state was established after stress in both males and females. This may be because the
stress is indeed inducing an oxidative response, however, the antioxidant response is not
occurring, which may be due in part to the non-synthesis of noradrenaline and dopamine.
Furthermore, the establishment of this oxidative state in leukocytes due to stress agrees
with the results observed by other authors, where stress was related to oxidative damage
to leukocyte DNA [49]. These results highlight the regulatory role of catecholamines in
the stress response. However, there may be other mediators acting in the stress response,
such as the 5-hydroxytryptamine (5-HT), and different neuropeptides including endoge-
nous opioids or cholecystokinin (CCK), for which there is evidence of the regulation of
stress [50,51], and which would be interesting to evaluate in future studies.

It is worth mentioning that stress and how it is managed is somewhat complex since
each individual perceives the same stressful stimulus in a different way [52]. Therefore,
the terms eustress and distress are increasingly coined, the first providing a beneficial
response for the organism and the second one a response that compromises the health of
the organism [2]. Thus, several studies report different responses to the same stressor agent
that agree that the greater the perceived stress is, for instance, whether it involves distress,
the immune function will be impaired, and a redox state will be established, leading to
a deterioration of the homeostatic systems and, therefore, to a loss of health and shorter
longevity [52,53].

In our case, we can conclude that after a punctual stress, WT mice are able to provide
an adequate response to the punctual stress induced by restraint, this response being
different depending on the sex. However, TH-HZ mice, given their limited catecholamine
synthesis, are unable to provide an adequate response to stress, regardless of sex.

4. Materials and Methods
4.1. Animals

For this study, we used adult (9 ± 1 month) virgin female and male TH-HZ and
wild type (WT) ICR-CD1 mice. These animals were derived from a colony from the
laboratory of Dr. Flora de Pablo as previously described [54]. Although these TH-HZ
mice contain only one tyrosine hydroxylase allele, they stay healthy and normal with no
signs of any associated lesions. In addition, growth rates were indistinguishable from
those of WT animals. They were housed 6 per cage, separated by sex and genotype, and
maintained with ad libitum access to food and tap water under light (12/12 h reversed
light/dark cycle; lights off at 8:00 A.M.) to avoid circadian interferences. The temperature
(22 ± 2 ◦C) and humidity (50–60%) were also controlled. The diet was in accordance with
the recommendations of the American Institute of Nutrition for laboratory animals (A04
diet from Panlab S.L., Barcelona, Spain). Experiments were performed during the dark
phase of the cycle (8:00–12:00 h). The protocol was approved by the Experimental Animal
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Committee of Complutense University of Madrid (Spain) (PROEX 224.0/21). The animals
were treated according to the guidelines of the European Community Council Directives
ECC/566/2015.

4.2. Experimental Design

The animals were divided into the following groups: female TH-HZ (n = 6), WT (n = 6),
and male TH-HZ (n = 6), WT (n = 6). All experimental groups were submitted to a battery
of behavioral tests, evaluating their sensorimotor abilities, anxiety-like behaviors, and
exploratory capacities. After that, their peritoneal leukocytes were extracted and several
immune functions, as well as the oxidative stress parameters and the catecholamines
concentration, were assessed. These analyses were considered the basal condition. Then,
the mice were subjected to punctual restriction stress (10 min), and they were exposed to
the same behavioral tests, and then the same immune and oxidative stress parameters were
assessed after restriction (post-stress condition).

4.3. Restriction Stress

Mice were subjected to punctual restriction stress for 10 min in a cylindrical, trans-
parent, acrylic tank (height = 8.5 cm, diameter = 2.5 cm) fixed on a square pedestal. The
diameter of the cylinder was made to fit the body, avoiding the movement of the mouse.
Adequate ventilation was provided using holes at the sides of the tube.

4.4. Behavioral Tests

Behavioral testing took place for five consecutive days. The tests and sequence were
chosen based on previous reports [15,55]. On the first day, the animals were subjected
to the whole battery of sensorimotor abilities, T-maze, and corner tests. On the second
and third days, they were exposed to the holeboard test and the elevated plus maze,
respectively. After that, the animals were isolated for 24 h and on the fourth and fifth days
they performed the marble burying test. The tests were carried out under red light with a
white light lamp (20 W) and were started by placing the animals in the area of the apparatus
considered most behaviorally neutral so that the mouse was not artificially induced to
perform a significant pattern [56]. The apparatuses were cleaned with 70% ethanol between
animals to avoid possible olfactory interferences.

4.4.1. Sensorimotor Abilities

• Visual Placing and Hindlimb extensor reflex

This test was performed as previously described [57]. For this, mice were suspended
by the tail and lowered toward a black surface. Complete extension of their forelimbs and
hindlimbs was considered a positive response. The response was measured in three trials
and the mean value was calculated.

• Wood rod test

To assess their motor coordination and equilibrium, the animals were placed in the
center of a 2.9-cm wide and 80-cm long wooden rod, being suspended in the air 22 cm with
the help of two bases and divided into 10 cm segments. Motor coordination was measured
by the latency to leave the starting segment, the total number of crossed segments, and
time of permanence, while the equilibrium was measured by the time taken to finish the
trial, the percentage of animals falling off the rod, as well as the time taken to fall [57].
Other behaviors such as freezings (number, time in seconds, and percentage of animals
performing freezings) were also recorded.

• Tightrope test

The tightrope test was developed to evaluate motor coordination, muscular vigor, and
traction [58]. The device consists of a 60-cm long tightrope divided into 10-cm segments
and elevated 40 cm high, which is held by two metallic rods. For this, the mice were hung
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by their forelimbs in the middle of the tightrope. Motor coordination was evaluated by the
total number of segments crossed and by the time of permanence (in seconds). Muscular
vigor was evaluated by the percentage of mice that fell off, the latency (seconds) to fall, the
percentage of mice that complete the test, as well as the time (seconds) to complete the test.
Finally, traction was evaluated by analyzing the different parts of the body that the mice
used to keep hanging (forelimbs, hindlimbs, and tail). The percentage of mice displaying
low (forelimbs), medium (forelimbs and hindlimbs), and maximum traction (forelimbs,
hindlimbs, and tail) were also analyzed.

4.4.2. Exploratory Behavioral Tests

• T-Maze test

This test is used to evaluate the spontaneous horizontal exploratory behavior [57,59].
The device consists of a T-shaped maze (short arms: 25 × 10 cm, long arm: 65 × 10 cm,
walls: 20 cm high). Mice were placed in the short arm facing the wall. The time (seconds)
spent crossing the intersection and the time (seconds) spent exploring the entire maze as
parameters of the horizontal exploration, and the number of rearings, and the time (seconds)
of each rearing as parameters of the vertical exploration were recorded. Other behaviors
such as groomings and freezings (number and time in seconds) were also considered.

• Corner test

This test was used to evaluate the spontaneous horizontal exploratory behavior [15].
For this, a square cage (22 cm) was used. The duration of the test was 30 s, in which the
number of visited corners, wall rearings, groomings, and scratches were analyzed.

• Holeboard test

To analyze the non-goal-directed behavior (evaluated by horizontal and vertical ac-
tivity), as well as the goal-directed behavior (evaluated by the number and time of head-
dipping), mice performed the holeboard test. The device consists of a box (60 × 60 × 45)
divided into 36 squares (10 × 10 cm), with four equidistant holes (3.8 cm diameter) in the in-
ner zone. We considered the inner zone as the four central squares, the external zone as the
20 squares nearest the walls, and the 12 remaining squares as the middle zone. In each hole,
plastic objects were placed to attract the animal’s attention and drive their goal-directed
behavior. The duration of the test was 5 min [15,57], and during this time the parameters
for non-goal-directed and goal-directed behavior were recorded. For non-goal-directed
behavior, we evaluated total, external, middle, and inner locomotion, the average of all of
them (the number of crossed squares in each area divided by the number of squares that
conform that area), and the percentage of all of them (the number of crossed squares in each
area divided by the total locomotion). All these parameters were considered horizontal
activity. Regarding the vertical activity, the number of the wall- and central rearing, and
the time (seconds) of each rearing were recorded. Finally, for goal-directed behavior, the
total number of head-dipping and the time (seconds) of each head-dipping were evaluated.
Other behaviors such as grooming and freezing (number and time in seconds) were also
considered.

4.4.3. Anxiety Behavioral Tests

• Elevated plus maze

Anxiety levels were evaluated by the elevated plus maze test [60]. The device consists
of two open arms (45 × 10 cm) and two closed arms (5 × 10 × 50 cm) that extend from
a central platform (10 × 10 cm), elevated 65 cm above the floor. The duration of the test
was 5 min. Mice were placed on the central platform facing a closed arm, and the total
number of entries in the open and closed arms, the time spent (seconds) in the central
platform, the time spent in the open and closed arms, and the percentage of time in the
central platform and open and closed arms (time spent in each area divided by the total
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time) were evaluated. Other behaviors such as grooming, and rearing (number and time in
seconds) were also recorded.

• Marble Burying test

The burying behavior in rodents reflects their ability to interact with the environ-
ment [61]. For this analysis, the animals were habituated to isolation 24 h before performing
the test. The test was divided into two conditions: standard and bizonal condition. For the
standard condition, 12 marbles were placed along the cage and, after 15 min, the number
of moved, intact, and buried marbles were counted. A total of 24 h after performing in
the standard condition, the mice were submitted to the bizonal condition. In this case,
8 marbles were placed in one half of the cage, with the remaining other half free and, after
20 min, the number of moved, intact, and buried marbles were counted.

4.5. Collection of Peritoneal Leukocytes

Murine peritoneal leukocytes were collected between 9:00 and 12:00 h a.m. to avoid
differences due to circadian variations. The mice were immobilized by cervical skin, and
3 mL of Hank’s solution at 37 ◦C was injected into their peritoneal cavity [62]. After the
abdomen massage, approximately 80% of Hank’s solution enriched with peritoneal leuko-
cytes was recovered. Then, macrophages and lymphocytes identified by their morphology,
were quantified in a Neubauer chamber. The cellular viability was measured with the
Trypan-blue (Sigma-Aldrich, St. Louis, MO, USA) exclusion test, and it was higher than
98% in all cases. Peritoneal suspensions were adjusted to a specific number of macrophages,
lymphocytes, or total leukocytes, depending on the analyzed parameter, as described in
the corresponding section.

4.6. Immune Function Parameters

• Chemotaxis

The chemotaxis capacity of peritoneal leukocytes was determined according to Boy-
den’s method with modifications introduced by our group [63]. It is based on the im-
mune cell capacity to migrate to an infectious focus. Cell suspensions were adjusted to
0.5 × 106 macrophages or lymphocytes/mL in Hank’s solution and placed into the upper
compartment of the Boyden’s chamber, and f-met-leu-phe (Sigma, St. Louis, MO, USA) (a
positive chemotactic peptide in vitro) was placed in the lower compartment. After a 3 h
incubation, the filters were fixed and stained with Giemsa (Sigma-Aldrich). Finally, the
chemotaxis index (C.I.) was determined by counting the total number of macrophages or
lymphocytes on one-third of the lower face of the filters.

• Macrophage phagocytosis

The phagocytic capacity of peritoneal cells was evaluated as previously described [63,64].
This protocol is based on the macrophage’s capacity to ingest inert particles (latex beads).
Cell suspensions were adjusted to 0.5 × 106 macrophages/mL in Hank’s solution and
placed into migration inhibitor factor (MIF)-coated plates for 30 min. Then, latex beads
were added to the adherent cell monolayer. After 30 min of incubation, the plates were
washed, fixed, and stained with Giemsa (Sigma-Aldrich). Finally, the number of latex beads
ingested by 100 macrophages (phagocytic index) and the number of macrophages that
ingest at least one latex bead (phagocytic efficacy) were determined.

• Natural Killer Activity

This was evaluated as previously described [65]. Cell suspensions were adjusted to
106 peritoneal leukocytes/mL in RPMI 1640 medium and placed into 96-well U-bottom
plates. Murine YAC-1 lymphoma cells were added into wells, and the NK activity was
assessed by quantifying the released lactate dehydrogenase into the medium (Cytotox 96
TM, Promega, Stuttgart, Germany). The results were expressed as the percentage of tumor
cells killed (% lysis), as previously described [63].

• Lymphoproliferative capacity
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This was evaluated as previously described [62,63]. Spontaneous lymphoproliferation,
as well as in response to concanavalin A (1 µg/mL ConA; Sigma-Aldrich) and lipopolysac-
charide (1 µg/mL LPS, Escherichia coli, 055: B5; Sigma-Aldrich), were evaluated. For this,
cell suspensions were adjusted to 0.5 × 106 lymphocytes/mL in RPMI 1640 medium supple-
mented with gentamicin and fetal bovine serum (FBS) and placed into 96-well plates. After
48 h of incubation at 37 ◦C in a sterile and humidified atmosphere of 5% CO2, 3H-thymidine
was added and incubated for 24 h. Finally, the cells were collected in a semi-automatic
harvester, and 3H-thymidine uptake was quantified in a beta counter. The results were
expressed in counts per minute (c.p.m).

4.7. Oxidative Stress Parameters

• Catalase activity

Cellular suspensions were adjusted to 106 leukocytes/mL in Hank’s solution, cen-
trifugated, and the cell pellets were resuspended in a 50 mM oxygen-free phosphate
buffer. Then, they were sonicated, and supernatants were used for the enzymatic reaction
with 14 mM H2O2 as substrate. The enzymatic assay was followed spectrophotomet-
rically for 80 s at 240 nm by the decomposition of H2O2 into H2O + O2 as previously
described [66]. The results were expressed in International Units (IU) of enzymatic activity
per 106 peritoneal leukocytes.

• Glutathione reductase activity

Cellular suspensions were adjusted to 106 leukocytes/mL in Hank’s solution, cen-
trifugated, and the cell pellets were resuspended in 50 mM oxygen-free phosphate buffer
with 6.3 mM EDTA. Then, they were sonicated, and supernatants were used for the en-
zymatic reaction with 80 mM GSSG 80 as a substrate. The oxidation of NADPH was
followed spectrophotometrically by the decrease in the absorbance at 340 nm for 240 s
as previously described [66]. The results were expressed in mU of enzymatic activity per
106 peritoneal leukocytes.

• Glutathione peroxidase activity

Cellular suspensions were adjusted to 106 leukocytes/mL in Hank’s solution, cen-
trifugated, and the cell pellets were resuspended in 50 mM oxygen-free phosphate buffer.
Then, they were sonicated, and supernatants were used for the enzymatic reaction with
cumene hydroperoxide as a substrate (cumene-OOH). The oxidation of NADPH was fol-
lowed spectrophotometrically by the decrease in the absorbance at 340 nm for 300 s as
previously described [66]. The results were expressed in mU of enzymatic activity per
106 peritoneal leukocytes.

• Glutathione concentration

Cellular suspensions were adjusted to 106 leukocytes/mL in Hank’s solution, centrifu-
gated, and the cell pellets were resuspended in 50 mM phosphate buffer with 0.1 EDTA,
pH 8. Then, they were sonicated, and supernatants were used for the quantification of
both reduced (GSH) and oxidized (GSSG) glutathione by the reaction capacity that GSSG
and GSH have with o-phthalaldehyde (OPT) at pH 12 and pH 8, respectively, resulting
in the formation of a fluorescent compound. The fluorescence was measured at 350 nm
excitation and 420 nm emission, as previously described [15]. The results were expressed
in nmol of GSSG and GSH per 106 peritoneal leukocytes. Moreover, the GSSG/GSH ratio
was calculated for each sample.

• Xanthine oxidase activity

Xanthine oxidase (XO) activity was assayed using a commercial kit (A-22182 Amplex
Red Xanthine/Xanthine Oxidase Assay Kit, Molecular Probes, Paisley, UK). Cellular sus-
pensions were adjusted to 106 leukocytes/mL in Hank’s solution, centrifugated, and the
cell pellets were resuspended in 50 mM potassium phosphate buffer with 0.1 M EDTA
and 0.5 mM DTT. Supernatants were used for the enzymatic reaction with the working
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solution of the Amplex Red reagent. The fluorescence was measured at 530 nm excitation
and 595 nm emission. The results were expressed in units (U) of enzymatic activity per
106 peritoneal leukocytes.

4.8. Concentration of Catecholamines

The concentrations of catecholamines were assessed in peritoneal leukocytes using
the “3-CAT kit Research ELISA” (LDN Labor Diagnostika, Nordhorn, Germany). This kit
is a competitive immunoassay. The absorbance was read at 450 nm and the results were
expressed in µg A/106 peritoneal leukocytes, µg NA/106 peritoneal leukocytes, and µg
DA/106 peritoneal leukocytes. A = adrenaline, NA = noradrenaline, DA = dopamine.

4.9. Statistical Analysis

The statistical analysis was performed in GraphPad Prism 8.4.1. (LLC, San Diego,
CA, USA). Data were represented as mean ± standard deviation (SD). The normality
of the samples and homogeneity of the variances were checked using the Kolmogorov–
Smirnov test and Levene test, respectively. Comparisons between the groups were made
by the independent-samples t-test according to the compatibility of the data with a normal
distribution, and comparisons between results after the stress condition were made by the
dependent-samples t-test, and p ≤ 0.05 was considered statistically significant.
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28. Dragoş, D.; Tănăsescu, M.D. The effect of stress on the defense systems. J. Med. Life 2010, 3, 10–18.
29. Dhabhar, F.S. Effects of stress on immune function: The good, the bad, and the beautiful. Immunol. Res. 2014, 58, 193–210.

[CrossRef]
30. Kand’ár, R. The ratio of oxidized and reduced forms of selected antioxidants as a possible marker of oxidative stress in humans.

Biomed. Chromatogr. 2016, 30, 13–28. [CrossRef]
31. Inglis, A.; Shibin, S.; Ubungen, R.; Farooq, S.; Mata, P.; Thiam, J.; Al-Mohanna, F.A.; Collison, K.S. Strain and sex-based

glucocentric & behavioral differences between KK/HlJ and C57BL/6J mice. Physiol. Behav. 2019, 210, 112646.
32. Kobayashi, H.; Martínez de Toda, I.; Sanz-San Miguel, L.; De la Fuente, M. Sex-related differences in behavioural markers in adult

mice for the prediction of lifespan. Biogerontology 2021, 22, 49–62. [CrossRef]
33. Schmid, S.; Rammes, G.; Blobner, M.; Kellermann, K.; Bratke, S.; Fendl, D.; Kaichuan, Z.; Schneider, G.; Jungwirth, B. Cognitive

decline in Tg2576 mice shows sex-specific differences and correlates with cerebral amyloid-beta. Behav. Brain Res. 2019, 359,
408–417. [CrossRef] [PubMed]

34. Jacobsen, H.; Klein, S.L. Sex Differences in Immunity to Viral Infections. Front. Immunol. 2021, 12, 720952. [CrossRef] [PubMed]
35. Kander, M.C.; Cui, Y.; Liu, Z. Gender difference in oxidative stress: A new look at the mechanisms for cardiovascular diseases. J.

Cell Mol. Med. 2017, 21, 1024–1032. [CrossRef] [PubMed]
36. Borrás, C.; Sastre, J.; García-Sala, D.; Lloret, A.; Pallardó, F.V.; Viña, J. Mitochondria from females exhibit higher antioxidant gene

expression and lower oxidative damage than males. Free Radic. Biol. Med. 2003, 34, 546–552. [CrossRef] [PubMed]
37. McCormick, C.M.; Linkroum, W.; Sallinen, B.J.; Miller, N.W. Peripheral and central sex steroids have differential effects on the

HPA axis of male and female rats. Stress 2002, 5, 235–247. [CrossRef]

https://doi.org/10.1155/2017/6031478
https://doi.org/10.1152/ajpregu.1996.271.3.R537
https://doi.org/10.1111/nyas.12792
https://www.ncbi.nlm.nih.gov/pubmed/26378438
https://doi.org/10.1016/S0021-9258(18)93832-9
https://www.ncbi.nlm.nih.gov/pubmed/14216443
https://doi.org/10.1016/j.bbi.2018.01.003
https://doi.org/10.1007/s11481-020-09947-2
https://www.ncbi.nlm.nih.gov/pubmed/32772235
https://doi.org/10.1016/j.regg.2022.11.004
https://doi.org/10.1007/s00268-003-7404-y
https://doi.org/10.1111/j.1440-1681.2007.04584.x
https://doi.org/10.2741/1960
https://doi.org/10.1111/fcp.12466
https://doi.org/10.1016/S0304-3940(02)00110-6
https://doi.org/10.1046/j.1601-183x.2003.00047.x
https://www.ncbi.nlm.nih.gov/pubmed/15005716
https://doi.org/10.1016/j.mad.2023.111798
https://www.ncbi.nlm.nih.gov/pubmed/36907251
https://doi.org/10.1016/j.regg.2016.01.002
https://www.ncbi.nlm.nih.gov/pubmed/26952652
https://doi.org/10.1016/j.mad.2022.111692
https://doi.org/10.1038/s41467-020-15920-7
https://doi.org/10.1007/s12026-014-8517-0
https://doi.org/10.1002/bmc.3529
https://doi.org/10.1007/s10522-020-09902-x
https://doi.org/10.1016/j.bbr.2018.11.022
https://www.ncbi.nlm.nih.gov/pubmed/30458163
https://doi.org/10.3389/fimmu.2021.720952
https://www.ncbi.nlm.nih.gov/pubmed/34531867
https://doi.org/10.1111/jcmm.13038
https://www.ncbi.nlm.nih.gov/pubmed/27957792
https://doi.org/10.1016/S0891-5849(02)01356-4
https://www.ncbi.nlm.nih.gov/pubmed/12614843
https://doi.org/10.1080/1025389021000061165


Int. J. Mol. Sci. 2023, 24, 7335 21 of 22

38. Bronikowski, A.M.; Meisel, R.P.; Biga, P.R.; Walters, J.R.; Mank, J.E.; Larschan, E.; Wilkinson, G.S.; Valenzuela, N.; Conard, A.M.;
de Magalhães, J.P.; et al. Sex-specific aging in animals: Perspective and future directions. Aging Cell 2022, 21, e13542. [CrossRef]

39. Elenkov, I.J. Effects of catecholamines on the immune response. Neuroimmune Biol. 2007, 7, 189–206.
40. Curtin, N.M.; Mills, K.H.; Connor, T.J. Psychological stress increases expression of IL-10 and its homolog IL-19 via beta-

adrenoceptor activation: Reversal by the anxiolytic chlordiazepoxide. Brain Behav. Immun. 2009, 23, 371–379. [CrossRef]
41. Laukova, M.; Vargovic, P.; Krizanova, O.; Kvetnansky, R. Repeated stress down-regulates β(2)- and α (2C)-adrenergic receptors

and up-regulates gene expression of IL-6 in the rat spleen. Cell. Mol. Neurobiol. 2010, 30, 1077–1087. [CrossRef]
42. Azpiroz, A.; Fano, E.; Garmendia, L.; Arregi, A.; Cacho, R.; Beitia, G.; Brain, P.F. Effects of chronic mild stress (CMS) and

imipramine administration, on spleen mononuclear cell proliferative response, serum corticosterone level and brain nore-
pinephrine content in male mice. Psychoneuroendocrinology 1999, 24, 345–361. [CrossRef]

43. Haberfeld, M.; Johnson, R.O.; Ruben, L.N.; Clothier, R.H.; Shiigi, S. Adrenergic modulation of apoptosis in splenocytes of Xenopus
laevis in vitro. Neuroimmunomodulation 1999, 6, 175–181. [CrossRef] [PubMed]

44. Avitsur, R.; Kavelaars, A.; Heijnen, C.; Sheridan, J.F. Social stress and the regulation of tumor necrosis factor-alpha secretion. Brain
Behav. Immun. 2005, 19, 311–317. [CrossRef]

45. O’Donnell, P.M.; Orshal, J.M.; Sen, D.; Sonnenfeld, G.; Aviles, H.O. Effects of exposure of mice to hindlimb unloading on leukocyte
subsets and sympathetic nervous system activity. Stress 2009, 12, 82–88. [CrossRef] [PubMed]

46. Roy, B.; Rai, U. Dual mode of catecholamine action on splenic macrophage phagocytosis in wall lizard, Hemidactylus flaviviridis.
Gen. Comp. Endocrinol. 2004, 136, 180–191. [CrossRef] [PubMed]

47. Riddell, S.R. Adrenaline fuels a cytokine storm during immunotherapy. Nature 2018, 564, 194–196.
48. Sofic, E.; Denisova, N.; Youdim, K.; Vatrenjak-Velagic, V.; De Filippo, C.; Mehmedagic, A.; Causevic, A.; Cao, G.; Joseph, J.A.;

Prior, R.L. Antioxidant and pro-oxidant capacity of catecholamines and related compounds. Effects of hydrogen peroxide on
glutathione and sphingomyelinase activity in pheochromocytoma PC12 cells: Potential relevance to age-related diseases. J. Neural. Transm.
2001, 108, 541–557.

49. Irie, M.; Asami, S.; Nagata, S.; Miyata, M.; Kasai, H. Relationships between perceived workload, stress and oxidative DNA
damage. Int. Arch. Occup. Environ. Health 2001, 74, 153–157. [CrossRef]

50. Kõks, S.; Soosaar, A.; Võikar, V.; Bourin, M.; Vasar, E. BOC-CCK-4, CCK(B)receptor agonist, antagonizes anxiolytic-like action of
morphine in elevated plus-maze. Neuropeptides 1999, 33, 63–69. [CrossRef]

51. Kõks, S.; Männistö, P.T.; Bourin, M.; Shlik, J.; Vasar, V.; Vasar, E. Cholecystokinin-induced anxiety in rats: Relevance of pre-
experimental stress and seasonal variations. J. Psychiatry Neurosci. 2000, 25, 33–42.

52. Martínez de Toda, I.; Miguélez, L.; Siboni, L.; Vida, C.; De la Fuente, M. High perceived stress in women is linked to oxidation,
inflammation and immunosenescence. Biogerontology 2019, 20, 823–835. [CrossRef]

53. Beach, S.R.; Schulz, R.; Yee, J.L.; Jackson, S. Negative and positive health effects of caring for a disabled spouse: Longitudinal
findings from the caregiver health effects study. Psychol. Aging 2000, 15, 259–271. [CrossRef] [PubMed]

54. Vázquez, P.; Robles, A.M.; de Pablo, F.; Hernández-Sánchez, C. Non-neural tyrosine hydroxylase, via modulation of endocrine
pancreatic precursors, is required for normal development of beta cells in the mouse pancreas. Diabetologia 2014, 57, 2339–2347.
[CrossRef]

55. Giménez-Llort, L.; Fernández-Teruel, A.; Escorihuela, R.M.; Fredholm, B.B.; Tobeña, A.; Pekny, M.; Johansson, B. Mice lacking the
adenosine A1 receptor are anxious and aggressive, but are normal learners with reduced muscle strength and survival rate. Eur. J.
Neurosci. 2002, 16, 547–550. [CrossRef] [PubMed]

56. de Cabo de la Vega, C.; Pujol, A.; Paz Viveros, M. Neonatally administered naltrexone affects several behavioral responses in
adult rats of both genders. Pharmacol. Biochem. Behav. 1995, 50, 277–286. [CrossRef] [PubMed]

57. Baeza, I.; De Castro, N.M.; Giménez-Llort, L.; De la Fuente, M. Ovariectomy, a model of menopause in rodents, causes a premature
aging of the nervous and immune systems. J. Neuroimmunol. 2010, 219, 90–99. [CrossRef]

58. Miquel, J.; Blasco, M. A simple technique for evaluation of vitality loss in aging mice, by testing their muscular coordination and
vigor. Exp. Gerontol. 1978, 13, 389–396. [CrossRef]

59. De la Fuente, M.; Miñano, M.; Manuel Victor, V.; Del Rio, M.; Ferrández, M.D.; Díez, A.; Miquel, J. Relation between exploratory
activity and immune function in aged mice: A preliminary study. Mech. Ageing Dev. 1998, 102, 263–277. [CrossRef]

60. Pellow, S.; Chopin, P.; File, S.E.; Briley, M. Validation of open:closed arm entries in an elevated plus-maze as a measure of anxiety
in the rat. J. Neurosci. Methods 1985, 14, 149–167. [CrossRef]

61. Prajapati, R.P.; Kalaria, M.V.; Karkare, V.P.; Parmar, S.K.; Sheth, N.R. Effect of methanolic extract of Lagenaria siceraria (Molina)
Standley fruits on marble-burying behavior in mice: Implications for obsessive-compulsive disorder. Pharmacogn. Res. 2011, 3,
62–66. [CrossRef]

62. Guayerbas, N.; Puerto, M.; Víctor, V.M.; Miquel, J.; De la Fuente, M. Leukocyte function and life span in a murine model of
premature immunosenescence. Exp. Gerontol. 2002, 37, 249–256. [CrossRef]

63. Martínez de Toda, I.; Maté, I.; Vida, C.; Cruces, J.; De la Fuente, M. Immune function parameters as markers of biological age and
predictors of longevity. Aging 2016, 8, 3110–3119. [CrossRef] [PubMed]

64. De La Fuente, M. Changes in the macrophage function with aging. Comp. Biochem. Physiol. A Comp. Physiol. 1985, 81, 935–938.
[CrossRef] [PubMed]

https://doi.org/10.1111/acel.13542
https://doi.org/10.1016/j.bbi.2008.12.010
https://doi.org/10.1007/s10571-010-9540-x
https://doi.org/10.1016/S0306-4530(98)00084-5
https://doi.org/10.1159/000026379
https://www.ncbi.nlm.nih.gov/pubmed/10213915
https://doi.org/10.1016/j.bbi.2004.09.005
https://doi.org/10.1080/10253890802049269
https://www.ncbi.nlm.nih.gov/pubmed/18609303
https://doi.org/10.1016/j.ygcen.2003.12.023
https://www.ncbi.nlm.nih.gov/pubmed/15028521
https://doi.org/10.1007/s004200000209
https://doi.org/10.1054/npep.1999.0015
https://doi.org/10.1007/s10522-019-09829-y
https://doi.org/10.1037/0882-7974.15.2.259
https://www.ncbi.nlm.nih.gov/pubmed/10879581
https://doi.org/10.1007/s00125-014-3341-6
https://doi.org/10.1046/j.1460-9568.2002.02122.x
https://www.ncbi.nlm.nih.gov/pubmed/12193199
https://doi.org/10.1016/0091-3057(94)00314-9
https://www.ncbi.nlm.nih.gov/pubmed/7740068
https://doi.org/10.1016/j.jneuroim.2009.12.008
https://doi.org/10.1016/0531-5565(78)90049-9
https://doi.org/10.1016/S0047-6374(98)00015-3
https://doi.org/10.1016/0165-0270(85)90031-7
https://doi.org/10.4103/0974-8490.79118
https://doi.org/10.1016/S0531-5565(01)00190-5
https://doi.org/10.18632/aging.101116
https://www.ncbi.nlm.nih.gov/pubmed/27899767
https://doi.org/10.1016/0300-9629(85)90933-8
https://www.ncbi.nlm.nih.gov/pubmed/2863082


Int. J. Mol. Sci. 2023, 24, 7335 22 of 22

65. Ferrández, M.D.; Correa, R.; Del Rio, M.; De la Fuente, M. Effects in vitro of several antioxidants on the natural killer function of
aging mice. Exp. Gerontol. 1999, 34, 675–685. [CrossRef] [PubMed]

66. Alvarado, C.; Alvarez, P.; Puerto, M.; Gausserès, N.; Jiménez, L.; De la Fuente, M. Dietary supplementation with antioxidants
improves functions and decreases oxidative stress of leukocytes from prematurely aging mice. Nutrition 2006, 22, 767–777.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0531-5565(99)00009-1
https://www.ncbi.nlm.nih.gov/pubmed/10530792
https://doi.org/10.1016/j.nut.2006.05.007

	Introduction 
	Results 
	Behavioral Tests 
	Sensorimotor Abilities 
	Anxiety-like Behaviors 
	Exploratory Behaviors 

	Immune Function 
	Oxidative Stress 
	Catecholamine Concentrations 

	Discussion 
	Materials and Methods 
	Animals 
	Experimental Design 
	Restriction Stress 
	Behavioral Tests 
	Sensorimotor Abilities 
	Exploratory Behavioral Tests 
	Anxiety Behavioral Tests 

	Collection of Peritoneal Leukocytes 
	Immune Function Parameters 
	Oxidative Stress Parameters 
	Concentration of Catecholamines 
	Statistical Analysis 

	References

