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20 Abstract: Previously we demonstrated, in rats, that the treatment with growth hormone (GH) and
21 rehabilitation, carried out immediately after a motor cortical ablation, significantly improved the
22 motor affectation produced by the lesion and induced the re-expression of nestin in the contralateral
23 motor cortex. Here we analyze cortical proliferation after ablation of the frontal motor cortex and
24 investigate the re-expression of nestin in the contralateral motor cortex and the role of the striatum
25 and thalamus in motor recovery. The rats were subjected to ablation of the frontal motor cortex in
26 the dominant hemisphere or sham-operated and immediately treated with GH or vehicle (V), for
27 five days. At 1 dpi (days after injury), all rats received daily injections (4 days) of
28 bromodeoxyuridine and were sacrificed. The other 15 rats (n =5 / group) underwent rehabilitation
29 and were sacrificed at 25 dpi. GH induced the greatest number of proliferating cells in the
30 perilesional cortex. GH and rehabilitation produced the functional recovery of the motor lesion and
31 increased the expression of nestin in the striatum. In the thalamic ventral nucleus ipsilateral to the
32 lesion, cells positive for nestin and actin were detected, but this was independent of GH. Our data
33 suggest that GH-induced striatal nestin is involved in motor recovery.
34 Keywords: Growth Hormone; Traumatic Brain Injury; Neural Plasticity; Neurogenesis; Actin;
35 Nestin; Striatum; Thalamus.
36

37  1.Introduction

38 Traumatic brain injury (TBI) represents one of the biggest health problems in developed
39  countries, both because of the number of deaths it causes, as well as the high percentage of those
40  affected who suffer from some type of motor and/or cognitive disability as a result of the injury. TBI
41  directly affects the meningeal or brain cranial structures, causing an alteration in neurological
42 function, due to the damage suffered by neurons, glial cells and blood vessels located in the damaged
43  area. A major problem in the treatment of patients who survive after a TBI is the poor endogenous
44 potential for recovery that the brain has, due to the lack of axonal regeneration, mainly produced by
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45  the acute expression of Nogo-A, an inhibitor of axonal outgrowth, and the limited ability to replace
46  damaged neuronal cells [1]. However, some patients with TBI or stroke show spontaneous and
47  gradual improvement during the first 6-12 months after the injury [2]. This improvement is attributed
48  to structural and functional compensatory changes that occur in the damaged brain, changes carried
49  out by what is described as neuroplastic mechanisms. The possibility of acting by enhancing these
50  mechanisms, both pharmacologically and through rehabilitation therapies, opens up new
51  perspectives in the recovery of patients with TBI [3]. In fact, in undamaged adult brain, in rats,
52 learning of new tasks induces increases in dendritic spines turnover [4], and focal cortical lesions
53 induce cortical plasticity [5, 6], new axonal connections [6, 7] and neurogenesis [8]. However, while
54 there are many already ancient evidences indicating that rehabilitation can increase the number of
55  dendritic spines and its complexity in the undamaged hemisphere of adult rats [9-12], just the
56  opposite situation seems to occur in the perilesional cortex, at least after a stroke [13-15]. While it is
57 clear that rehabilitation plays an important role in the recovery of neurological injuries, its effects are
58  strongly increased when it is accompanied by medical treatments, as previously suggested [3]. One
59  of these treatments consists in the administration of growth hormone (GH), a hormone that, together
60  with its mediator insulin-like growth factor (IGF-I), plays a key role in the fetal neurodevelopment
61  [16, 17], but also significantly contributes to enhance the effects of rehabilitation after a brain injury
62  in animal models [18-26] and human patients [27-34].

63 In previous studies, in rats, we demonstrated that GH administration, given immediately or very
64  early after a severe ablation of the frontal motor cortex of the dominant hemisphere, induced a
65  marked improvement of the motor impairment in the paw-reaching-for food task, while rats treated
66  with vehicle did not change their performance despite intense rehabilitation [35, 36]. We attributed
67  these results to the appearance of greater brain plasticity in the contralateral motor area, observing
68 re-expression of nestin [35], or nestin and actin [36], in this intact area, most likely because
69  compensatory brain plasticity had been established leading to a marked improvement in the
70  functionality of the paw affected by the lesion. Given that nestin is a class VI intermediate filament
71 protein expressed in uncommitted neural progenitor cells (NPCs) [37-40], it could be thought that the
72 results obtained had been produced by GH-induced adult neurogenesis; however, in our previous
73 study [35], nestin immunoreactivity (ir) was detected in the synaptic terminals outlining neuronal
74 bodies, suggesting that these nestin-expressing neurons were mature neurons and began to re-
75  express nestin after ablation of the frontal motor cortex and treatment with GH and rehabilitation.
76 Therefore, the objective of this new study was to investigate cortical proliferation after ablation of the
77  motor cortex to elucidate whether this re-expression of nestin was due to neurogenesis or neuronal
78  plasticity mechanisms that occur in the motor cortex of the undamaged hemisphere, as well as to
79  analyze the role of subcortical areas involved in motor activity, such as the striatum and the thalamus,
80  in motor recovery induced by the administration of GH and rehabilitation after cortical ablation.

81  2.Results

82 2.1. Treatment with GH immediately after lesion plus rehabilitative therapy produced the functional recovery
83  of the motor impairment induced by the cortical ablation.

84 In the presurgical phase, the ability for taking food pellets from the groove and eating them was
85  similar in all rats. All rats showed a stable strategy using a single forelimb to reach the pellets; this
86  allowed to establish a spontaneous limb preference during training. In all animals, the preference of
87  the limb was established in the fourth session, and the paw used was considered the preferred paw.
88  When the percentage of attempts with the right or left paw was between 85% and 100%, a rat was
89  classified as right-handed or left-handed. The animals were considered well trained when the
90  percentage of successful responses was > 60% during two consecutive sessions. To distribute the
91  animals in the different experimental groups, the average of the results obtained in the last two
92  sessions of this phase was taken. Therefore, as Figure 1 shows, both the percentage of successful
93  responses (A) and the total number of responses (B) were similar in all experimental groups (Figure
94 1A PRE, F212 = 0.477; Figure 1B PRE, F212 = 0.140).
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96 Figure 1. Effectiveness of the treatment with GH and rehabilitation. Animals treated with GH
97 (LGH1, red graph) or vehicle (LV1, green graph) immediately after cortical ablation. Results obtained
98 in the paw-reaching-for-food task with the preferred paw (impaired paw) at the presurgical phase,
99 (PRE), 7 dpi (days post-injury) (POST) and rehabilitative therapy (at 8 dpi). A) Mean percentage of
100 successful responses (successful responses/total number of responses). B) Mean of the total number
101 of responses (successful plus unsuccessful with both paws). The rehabilitative therapy consisted in
102 the obliged use of the impaired paw, in daily sessions of 3 min during 9 consecutive days. The
103 statistical significance was established in comparison with the results obtained in the sham-operated
104 control group (CV1, blue graph). ** p <0.001; **p <0.005; *p <0.01 (Bonferroni test). The x-axis indicates
105 days.
106 Once the cortical ablation was performed, the effectiveness of the lesion was tested at 7 dpi (days

107  post-injury). Frontal motor cortical ablation was severe and homogeneous in size and location, as
108 observed in our previous studies [35, 36, 41]. Lesions were restricted to the primary (M1) and
109  secondary (M2) motor cortex areas, although in some cases, the cingulate cortex, area 1 (Cgl), was
110  also affected. ANOVA showed very significant differences between groups (F212 = 8.956, p < 0.01).
111  While the percentage of successful responses was preserved in the control group (CV1), these
112 successful responses significantly decreased in all lesion animals (Bonferroni post hoc test, p <0.0001),
113 asis shown in Figure 1A POST. Some of these injured animals changed their preferred paw (disuse
114 of the paw contralateral to the lesion and proportionately increased reliance on the paw ipsilateral to
115  the lesion), while others continued to use the preferred paw, but the number of successful responses
116  clearly decreased. With respect to the total number of responses, the global ANOVA did not show
117  significant differences between groups (Figure 1B POST).

118 All animals underwent rehabilitation therapy, which began at 8 dpi, in daily sessions of 3
119  minutes, for 9 consecutive days (see the experimental design in Material and Methods section). The
120  rehabilitation consisted in the forced use of the impaired paw (preferred paw) by means of a bracelet
121  fitted on the non-preferred paw. Two-way (group and session) ANOVA showed significant
122 differences between groups (F2, 12 = 15.52; p < 0.0005). In addition, given that in all groups the number
123 of successful responses was increasing throughout the rehabilitation sessions, a significant session-
124 effect was observed (Fs, o = 4.85, p <0.0001). On the contrary, the interaction group x session was not
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125  significant (Fi6 9 = 0.473). The partial ANOVA tests showed significant differences between groups
126  from the fourth to the ninth rehabilitation sessions. However, the Bonferroni post hoc test revealed
127  that animals treated with GH immediately after ablation (LGH1) increased the percentage of
128  successful responses throughout the sessions. The performance in the paw reaching test of the
129  animals treated with GH was similar to that of the animals of the control group without there being
130  statistical differences between both groups throughout the 9 rehabilitation sessions (Figure 1A). This
131  significant improvement was not observed in lesion animals treated with vehicle (LV1), which
132  showed a lower percentage of successful responses, statistically significant, compared to control
133 animals or to animals treated with GH (Figure 1A). The total number of responses was similar in all
134  the experimental groups; therefore, no significant differences were observed among them (F2 12 =
135  0.908) (Figure 1B). However, since all groups progressively increased the number of total responses
136  throughout the rehabilitative sessions a clear session-effect (Fs,9 = 17.69, p < 0.0001) was shown. The
137  interaction group x session was not significant (Fie, 9 = 1.603).

138  2.2. Cortical cell proliferative response in animals treated with GH or vehicle after motor cortical ablation.

139 To determine the cortical cell proliferative response in animals treated with GH or vehicle after
140  motor cortical ablation, rats were injected with the mitotic marker bromodeoxyuridine (BrdU). In
141  animals with cortical ablation treated with GH and sacrificed at 5 dpi, a large number of BrdU* cells
142  in the perilesional motor cortex was detected. This BrdU labeling was significant higher in animals
143  treated with GH than in animals treated with vehicle (p < 0.0001) (Figure 2A, 2C and 2E). However,
144 in the perilesional motor cortex of animals treated with GH or vehicle, no doublecortin (DCX)
145  labeling, a marker of proliferating neuroblasts, was observed (Figure 2B and 2D).


https://doi.org/10.20944/preprints201910.0165.v1
https://doi.org/10.3390/ijms20225770

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 October 2019 d0i:10.20944/preprints201910.0165.v1

5o0f21
E 500
400
™~
E
£ 300+
¥
3 2004
@
100+
e
146 LV2 LGH2
147 Figure 2. Cell proliferation in the perilesional motor cortex of animals sacrificed at 5 dpi. BrdU and
148 doublecortin (DCX) labeling in the primary motor cortex perilesional (M1) of animals treated with
149 GH (A and B) or vehicle (C and D), immediately after cortical ablation and sacrificed at 5 dpi. Coronal
150 sections at +2.52 mm of Bregma. Scale bar = 200 pm. E shows the significant increase in BrdU-labeled
151 cells (Mean + SEM, n = 2) in animals treated with GH. *** p <0.0001 (Student's t-test).
152 To evaluate the functional benefits of the GH treatment, in the other group of animals treated

153  with GH or vehicle that were sacrificed at 25 dpi a notably decrease of proliferating cells (BrdU) in
154 the perilesional motor cortex was observed (Figure 3) in comparison to animals sacrificed at 5 dpi
155  (Figure 2). Furthermore, a smaller number of BrdU* cells were detected in the perilesional motor
156  cortex of animals treated with GH (Figure 3A and B) as compared to animals treated with vehicle
157  (Figure 3C and D); however, although statistically significant, the magnitude of the differences was
158  small (p <0.05). Some BrdU~ cells showed a bigger size, probably corresponding to reactive astrocytes
159 and some formed clusters or chains (Figure 3B and D). BrdU* cells were also detected scattered in the
160  adjacent somatosensorial cortex and in the corpus callosum (Figure 3A). In control animals, some few
161  BrdU* cells were observed in the cortex underlying the region where the sham-operation was
162  performed, probably due to slight damage in that area, suggesting that sham-operation was similar
163  to a mild lesion (data not shown).
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164 In animals treated with GH or vehicle and sacrificed at 5 dpi, the BrdU immunostaining in the
165 contralateral motor cortex was similar to that found in animals treated with GH and sacrificed at 25

166  dpi, and no DCX- cells were observed (data not shown).
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168 Figure 3. Cell proliferation in the perilesional motor cortex of animals sacrificed at 25 dpi. BrdU
169 immunolabeling in the perilesional primary motor cortex (M1) of animals treated with GH (A and B)
170 or vehicle (C and D), immediately after cortical ablation and sacrificed at 25 dpi. B and D are a
171 magnification of A y C, respectively. Coronal sections at +2.52 mm from Bregma. Black arrows in B
172 and D point out BrdU+ cells forming clusters (or chains). Scale bars: 200 um (A and C), 100 um (B and

173 D). E: Quantification of the total number of BrdU + cells in the perilesional M1 motor cortex of animals
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174 treated with GH or vehicle. A significant increase in BrdU-labeled cells in animals treated with vehicle
175 compare with animals treated with GH was found. Mean + SEM; n=2. * p <0.05.
176 In the contralateral motor cortex of animals treated with GH, some few BrdU~ cells dispersed in

177  the M1 cortex were detected at 25 dpi (Figure 4A). In the secondary motor and cingulate cortices
178  (M2/Cgl), a slight increase of BrdU* cells was observed, mainly in layer I (Figure 4B). These BrdU
179  immunostaining was similar to that found in control animals. In animals treated with vehicle, an
180  increase of BrdU* cells in M1 and M2/Cg1 cortices (Figure 4C), in comparison with animals treated
181  with GH, was detected (Figure 4D).
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183 Figure 4. Cell proliferation in the contralateral motor cortex of animals sacrificed at 25 dpi. BrdU-ir in
184 the contralateral motor cortex (red rectangle) of animals treated with GH (A,B) or vehicle (C,D) at 25
185 dpi. A and C, primary motor cortex (M1); B and D, secondary motor cortex/cingulate cortex, area 1,
186 (M2/Cg1). Coronal sections at +2.52 mm from Bregma. In the scheme, the black image indicates the
187 place where the ablation was produced. Scale bar = 100 um. Magnification: 10x.

188  2.3. Nestin expression in the striatum and thalamus of animals treated with GH or vehicle after cortical
189  ablation.

190 In the striatum of animals treated with GH, nestin expression was detected in the striatal white
191  matter, mainly ipsilateral to the lesion; highlighting the presence of cells nestin* with a morphology
192  similar to reactive astrocytes and fibrillar structures. Therefore, it is likely that nestin ir corresponds
193  to astrocytic prolongations (Figure 5A). This nestin immunostaining in the striatal white matter was
194  observed in the dorsal striatum (at +2.4 mm from Bregma) and, at more caudal sections (from Bregma
195  +1.08 mm to Bregma - 0.12 mm) in the medial-central striatum. This nestin expression at the striatal
196 white matter, ipsilateral to the lesion, was markedly lower in animals treated with vehicle (Figure
197  5B). In control animals, nestin expression was restricted to blood vessels (Figure 5C). At the
198 medial/ventral striatum, ipsilateral to the lesion, of animals treated with GH or vehicle, some cells
199  nestin* with a neuronal morphology, scattered in the striatal gray matter, were detected (Figure 5D
200 and 5E). In controls, at the medial/ventral striatum, nestin expression was restricted to blood vessels
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201  and occasionally was seen in some few cells with a neuronal morphology (Figure 5F). In the striatum
202  contralateral to the lesion, occasionally some few fibrillar structures nestin* located at the striatal
203  white matter, probably corresponding to astrocytic prolongations, were detected; in addition, at the
204  medial/ventral striatum, some few cells nestin* with neuronal morphology were observed (data not
205  shown).
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206
207 Figure 5. Nestin expression in the striatum ipsilateral to the lesion of animals sacrificed at 25 dpi.
208 Nestin re-expression in the striatum ipsilateral to the lesion of animals belonging to the three
209 experimental groups LGH1, LV1 and CV1. The 3 microphotographs to the right correspond, in each
210 experimental group, to the red box indicated in the scheme. Coronal sections at +0.96 mm from
211 Bregma. The arrow in A indicates a reactive astrocyte in the white substance of the striatum. The
212 arrows in D and E point to nestin + neurons in striatal gray matter. Scale bar = 100 um. In the scheme
213 the black trapezoid indicates the place where the lesion was produced.
214 In the thalamus of animals treated with GH (LGH1 group) or vehicle (LV1 group), nestin

215  expression was detected in the thalamic ventral nucleus, ipsilateral to the lesion (ventrolateral (VL)
216  and anterior ventral (VA) nuclei). This expression of nestin was observed in fibrillar structures,
217  probably corresponding to prolongations of microglia cells, being similar in groups LGH1 and LV1
218  (Figure 6A and 6B). Conversely, no nestin-ir was observed in the thalamus contralateral to the lesion.
219  In controls, the expression of nestin was restricted to blood vessels (Figure 6C).
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221 Figure 6. Nestin re-expression in the ventral thalamic nucleus ipsilateral to the lesion in animals of
222 LGH1, LV1, and CV1, sacrificed at 25 dpi. In the upper scheme, the red square shows where the lower
223 microphotographs correspond. A: Nestin-ir fibers in the ventral thalamic nucleus of a rat treated with
224 GH immediately after the lesion can be seen. B: similar nestin immunolabel can be observed in a rat
225 treated with vehicle immediately after the injury occurred. C: in sham-operated animals, the
226 expression of nestin is limited to blood vessels. Coronal sections at -2.04 mm of Bregma. Arrows
227 indicate microglia extensions. Scale bar: 50 pum.
228  2.4. Actin expression in the striatum and thalamus of animals treated with GH or vehicle after cortical
229  ablation
230 Actin expression was detected in the striatum, ipsilateral to the lesion, of animals treated with

231  GH (LGH1) or vehicle (LV1), but this expression of actin was similar in both groups, as Figure 7
232 shows. In control animals (CV1), no actin immunostaining was observed in the striatum. No actin
233 expression was observed in the striatum contralateral to the lesion in any of the groups studied (data
234 not shown).
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236 Figure 7. Actin immunoreactivity in the striatal white matter, ipsilateral to the lesion. Fine fibers,
237 actin+, were observed in rats treated with GH (LGH1) or vehicle (LV1). However, no actin
238 immunostaining was found in a sham-operated control animal treated with vehicle (CV1). Black

239 arrows point out actin+ fibers. Coronal sections at +1.20 mm from Bregma. Red square: indicates the
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240 place where the images were taken. Scale bar = 50 um. Black trapezoid: indicates the place where the
241 ablation of the motor frontal cortex was made.
242 In the thalamus of animals treated with GH or vehicle, but not in controls, actin expression was

243  detected in the ventral nucleus (VL and VA nuclei), ipsilateral to the lesion (Figure 8A), but not in the
244 contralateral hemisphere (Figure 8B). Actin expression was located in cells of poorly defined limits,
245  with a robust structure “and with few short and irregular prolongations; morphological
246  characteristics similar to activated microglia/macrophage cells (Figure 8C).
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247
248 Figure 8. Actin immunoreactivity in the thalamic ventral nucleus (VA/VL complex) ipsilateral to
249 the lesion Actin-ir was detected in the thalamic ventral nucleus ipsilateral to the lesion in animals
250 treated with GH (A), or vehicle (not shown in this image), immediately after the injury produced, but
251 not in the contralateral thalamic ventral nucleus (B); the figure shows microphotographs obtained
252 from an animal treated with GH. C: Magnification of the blue rectangle shown in A; black arrows in
253 this image indicate some actin+ cells showing an active microglia/macrophage-like morphology.
254 Coronal sections at -1.92 mm from Bregma. Scale bars: 200 um in A and B, and 50 um in C. Red
255 squares: indicate the place where the images were taken.
256 As indicated above, thalamic actin immunostaining was similar in animals treated with GH or

257  vehicle (Figure 9A and 9B), and it was only observed in the hemisphere ipsilateral to the lesion;
258  however it was not found in control animals (Figure 9C).
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260 Figure 9. Magnification of actin immunoreactivity in the thalamic ventral nucleus (VA/VL complex)
261 ipsilateral to the lesion in the three experimental groups of animals. Active microglia/macrophage-
262 like cells, actin+, in a rat treated with GH (A) or vehicle (B). No differences were observed in the actin-
263 ir between animals treated with GH (A) or vehicle (B) immediately after the injury produced. No
264 actin-ir was found in control animals (C). Coronal sections: -2.04 mm from Bregma. Scale bar: 50 um.
265 Red square: indicates the place where the images were taken. .
266 3. Discussion
267 Our results confirm previous studies from our group showing that the administration of GH

268  immediately after a cortical ablation together with rehabilitation induces the functional recovery of
269  the deficit in the manual ability caused by the injury, in adult rats [35, 36]. This recovery depends on
270  both GH and rehabilitation since it was observed when the use of the preferred hand was forced (the
271  hand affected by the injury) as soon as the rehabilitative therapy started, as Figure 1A shows. Our
272  results also indicate that the ablation of the frontal motor cortex induced cell proliferation in the
273  perilesional injured cortical area in the rats sacrificed at 5 dpi, an effect significantly enhanced by GH;
274  this is in concordance with the findings that we observed in the hippocampus of rats in which we
275  produced damage with kainic acid, and GH administration increased the number of newly formed
276  neural precursors [24]. However, this marked cortical proliferation was not traduced in the
277  appearance of neuroblasts, since we did not detect DCX labeling in the perilesional cortical area, and
278  DCXis a marker of cells restricted to neuronal lineage or neurons [42], although it has been described
279  that after an injury the neuroblasts migrate from the Subventricular Zone (SVZ) to the site of the
280  injury [43]. Most likely, the absence of detection of DCX labeling in our study is related to the time of
281  the sacrifice after the injury, because it has been shown that DCX+ cells are present in the perilesional
282  areaup to only 3 dpi [44]. Therefore, the possibility that GH induced adult neurogenesis for repairing
283  the injured area, as we previously postulated (35, 36), cannot be excluded, although the magnitude
284  of the lesion produced would impede any possibility of significant functional improvement (repair
285  mechanisms may be different depending on the type of injury, its severity and the region of the brain).
286  Moreover, it has been demonstrated that the cell proliferation observed in the perilesional cortex most
287  likely corresponds to microglial cells and astrocytes [44]. At 25 dpi, the cell proliferation in the
288  perilesional area was considerably lesser than that observed at 5 dpi, which is logical since BrdU
289  decreases as cell division occurs.

290 We previously published that there was re-expression of nestin in the motor cortex contralateral
291  to the lesion in animals treated with GH immediately after the frontal motor cortex ablation, which
292 recovered the motor deficit [35]. This was the reason why in this study we tried to investigate whether
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293  this re-expression of nestin in the contralateral cortex occurred in newly formed cells or if it was
294  produced in resident cells. The fact that in the current study we observed few cells BrdU+ scattered
295  in the contralateral frontal motor cortex of GH-treated animals suggest that the re-expression of
296  nestin in this zone would be due to mechanisms of neural plasticity in resident cells and not to
297  neurogenesis. However, although it is not very plausible, we cannot completely rule out that the
298  different moment of the animals' sacrifice after the injury (at 25 dpi in the present study and at 8
299  weeks in the previous study) could have affected the results obtained.

300 Interestingly, we found expression of nestin in the striatum of both hemispheres of rats treated
301  with GH and rehabilitation after the frontal motor cortex ablation, being much more marked in the
302  ipsilateral striatum. It is well known that all areas of the cortex send excitatory glutamatergic signals
303  to specific areas of the striatum, which also receives excitatory signals from the thalamus. The motor
304  cortex projects mainly to the ipsilateral striatum, although it also sends projections, to a lesser extent,
305  to the striatum of the contralateral hemisphere. Electrophysiological methods have demonstrated
306  thatthe same cortical projection neuron sends its main axon to the ipsilateral striatum, but this neuron
307 also sends a collateral branch, through the corpus callosum, which bifurcates into two branches, one
308  of which is directed towards the homotopic contralateral cortex and the other towards the homotopic
309  contralateral striatum [45]. In motor aspiration injuries, it has been shown that cortical neurons of the
310  intact motor cortex not only project to the ipsilateral striatum but also, with a minor cross-component,
311 to the contralateral striatum to the lesion [46]. In addition, another study shows that cortical lesions
312  causereactive gliosis in the striatum, accompanied by a structural reorganization of the dendritic axis
313  of striatal target neurons, as well as a replacement in the synapses by axons of the contralateral cortex
314  [47]. All this would explain the expression of nestin observed in this study, evidenced by the labeling
315  of reactive astrocytes, astrocyte prolongations, and neurons, in both the ipsilateral and contralateral
316  striatum to the lesion. We found nestin + neurons in the ventral area of the striatum in injured
317 animals, both in those treated with GH and with the vehicle, which seems to indicate that nestin can
318  exert neurotrophic functions after brain injury, as previously suggested [48], (in the control animals
319  we also found a few weakly marked neurons in the ventral striatum). Moreover, we found that actin
320  was expressed in very fine fibrillar structures, which very possibly correspond to astrocyte
321  prolongations, in the white substance of the ipsilateral striatum to the lesion; this, together with the
322  expression of nestin in reactive astrocytes, in astrocyte prolongations and in neurons, in the ipsilateral
323  and contralateral striatum to the lesion, suggests that nestin and actin could be involved in
324  neuroanatomic remodeling that undergoes the corticostriatal pathway after a cortical lesion by
325  aspiration [46]. It is possible that the expression of actin and nestin in the striatum ipsilateral to the
326  lesion, in animals with cortical ablation, reveals cortical-efferent plasticity mechanisms that occur in
327  the striatum due to the lack of cortical afferents. It has been suggested that loss of afferent signals
328  may lead to glial activation, an increase in trophic factors or changes in local substrate molecules that
329  affect neuronal growth [49], which may constitute a strategy potential to improve cortical-efferent
330  connectivity after cortical damage [46]. On the other hand, the greater expression of nestin in the
331  striatum of animals treated with GH that functionally recovered the motor deficit caused by the injury
332  would suggest a role of nestin in the benefits of treatment with GH and rehabilitation that would
333 have led to the recovery of the motor deficit. The positive effects of GH on functional recovery after
334  brain injury have already been described in many studies [18-36], although the exact mechanisms
335  involved in the positive role played by GH have not yet been fully clarified.

336 Interestingly, we observed that after cortical ablation there was a marked expression of actin and
337  nestinin the anterior ventral (VA) and ventrolateral (VL) thalamic nuclei ipsilateral to the lesion, both
338  in rats treated with GH and in those who received vehicle. In rats, VA and VL are generally
339  indistinguishable on cytoarchitectural grounds [50, 51], and are often treated as a single nucleus, the
340  VA/VL complex, with topographic thalamocortical projections associated with the motor cortex [52].
341  After brain damage or sensory deprivation, thalamocortical projections can exhibit considerable
342  reorganization in terms of increased neural plasticity [53].

343 In our study, actin labeling in the VA/VL complex was located in cells with poorly defined
344  boundaries and few branches, a morphology similar to activated microglia/macrophage cells. It is
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345  known that the glial response to an injury involves the activation of microglia cells, together with a
346  marked astroglial reactivity [54]. Microglial activation and proliferation are features of traumatic
347  injury to the central nervous system [55]. Microglia/macrophage cells are able to change the length
348  and thickness of their prolongations after an injury, and it has been suggested that actin may play a
349  determining role in the morphological changes that underlie the phenotypic modifications of the
350  microglia after an injury [56]. On these bases, it seems clear that the detection in our study of activated
351  microglia/macrophage cells, actin +, in the VA/VL complex ipsilateral to the lesion, would have
352 occurred as a consequence of the cortical ablation performed.

353 The expression of nestin in the VA/VL complex, ipsilateral to the lesion, was also notable,
354  although the nestin labeling was morphologically distinct from that obtained for actin. Nestin
355  expression occurred in nestin+ fibrillar structures, most likely corresponding to microglia cell
356  extensions. Since nestin is a protein of intermediate class VI filaments, which are located in the
357  cytoplasm of the cell, while actin constitutes microfilaments that are located in the proximity of the
358  cytoplasmic membrane giving mechanical support to the cell membrane, due to its binding to it by
359  means of membrane anchoring proteins, it is not surprising that the morphology of the actin labeling
360  in the microglia cells does not coincide with the nestin labeling.

361 In any case, the expression of nestin and actin in activated microglia/macrophage cells, in the
362  VA/ VL complex ipsilateral to the lesion, has to be due to cortical ablation, since it was observed in
363  bothinjured animals treated with GH and in those treated with vehicle, indicating that the expression
364  of these proteins is involved in the compensation mechanisms that appear after an injury to try to
365  compensate for the damage.

366 In summary, in this study we demonstrated that the treatment with GH, administered
367 immediately after the frontal motor cortex ablation, and rehabilitation, induced a functional recovery
368  of the deficit in manual ability caused by the lesion in adult rats; we also observed that this ablation
369  stimulated cell proliferation in the perilesional cortex and this effect was significantly enhanced by
370  GH treatment in animals sacrificed at 5 dpi, although it decreased markedly at 25 dpi. Our data also
371  indicate that the expression of nestin in the contralateral motor cortex in animals treated with GH
372 that recover the motor deficit would depend on mechanisms of neural plasticity in resident cortical
373  cells and not on de novo neurogenesis. We also found an increase in the expression of nestin in the
374  striatum of GH-treated rats that could be involved in the functional recovery observed in these
375  animals after cortical ablation. This injury also induced the expression of nestin and actin in activated
376  microglia/macrophage cells, in the VA/ VL complex ipsilateral to the lesion, but this was not due to
377  any GH effect.

378 4. Materials and Methods

379 This study was conducted in twenty adult male Wistar rats (Charles River Laboratories, Spain),
380  weighing 200-220 gr at the beginning of the experiments. Animals were housed under conditions of
381  controlled temperature (18-20 ‘C) and natural light/dark cycle; they were allowed to acclimatize to
382  the animal facilities for several days after arrival, before starting the experiments. They were fed with
383  anormal chow diet and water ad libitum, except when the paw-reaching-for-food task was performed.
384  During this time, animals were moderately food restricted until their body weight was reduced to
385  86-88% of its initial ad libitum weight. All procedures were approved by the University of Salamanca
386  Ethics Committee and were conducted in accordance with the animal care guidelines of the European
387  Communities Council (2010/63/UE) and Spanish normative (RD 53/2013 and law 32/2007); effort was
388  made to minimize the suffering and number of animals used.

389  4.1. Experimental design and behavioral test.

390 The experimental design consisted of the following phases: (i) presurgical behavioral test; (ii)
391 ablation of the frontal cortex; (iii) treatment with vehicle (LV1 and control group CV1) or GH (LGH1),
392  subcutaneously (s.c), immediately after the cortical ablation, and intraperitoneal (ip) BrdU/FdU
393  administration, followed by rehabilitative therapy beginning at 8 dpi and carried out for 8 days; these
394  study phases are schematically represented in Figure 10A. Surgical procedures and sacrifice were
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carried out under deep anesthesia with Equithesin (20 mg/kg, ip). The animals were sacrificed 25
days after the lesion. Other group of animals (n=5) received likewise vehicle (LV2, n=2) or GH (LGH2,
n=3) immediately after the lesion, and BrdU, but they were sacrificed at 5 dpi (Figure 10B), without
receiving rehabilitative therapy.

A
GH (0.15 mg/kg, s.c) BrdU/FdU (30 mg/kg / 3 mg/kg, i.p)
l 1 l l l Control (CV1)
| L} | ] vehiceq)
v l l l J, l GH (LGH1) ;
| | BedU A | | — Rehabilitative therapy 4—] |
-10 0 7 8 16 25,
Training Lesion Lesion effect
test
B
GH (0.15 mg/kg, s.c) BrdU (100 mg/kg, i.p)
l l l l l Vehicle (LV1,n=2)
* l l l l l GH(LGH1n=3)
l Pt
Brdu4+
0 51‘

Lesion

Figure 10. Schematic diagram of the experimental design. A) The treatment with GH or vehicle
started immediately after the lesion (LGH1 and LV1 groups, respectively). Sham-operated controls
were treated with vehicle (CV1). The injections of BrdU/FDU commenced on day 1. On day 7 after
lesion, the effectiveness of the cortical ablation was evaluated in the paw reaching test. The
rehabilitative therapy consisted in daily sessions of 3 min, with the obliged use of the impaired paw,
during 9 consecutive days. Animals were sacrificed on day 25 after lesion. B) Diagram of the
experimental design of animals treated with GH or vehicle and sacrificed on day 5 after injury. Day 0
indicates the day of the cortical ablation. Time scale days. = sacrifice.

Eight days after the arrival of animals they were trained for the paw-reaching-for-food task, a
specific motor test for fine motor skills that we used in our previous studies [35, 36, 41]. In this test,
carried out in a special cage, described in a previous study from our group [41], animals are
conditioned to perform high precision motor movements of extension and flexion of the forelimb
fingers for obtaining food. Before carrying out the test, animals were housed individually and, as
described before, food was restricted. In the paw-reaching-for-food test, rats were required to extend
a forelimb through the hole, grasp and retrieve a pellet from the groove, take it to the mouth, and eat
it, as Figure 11 shows.
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416

417 Figure 11. Paw-reaching-for-food task in the test cage. Three consecutive photographs showing a rat

418 in the test cage performing a successful response in the paw-reaching test during the training in the

419 pre-surgical phase. The design of the test cage prevents the use of the tongue to retrieve food pellets

420 or to rake the pellets.

421 Each time an animal succeeded in eating a pellet without dropping it was counted as a successful

422  response. Dropping the pellet after grasping or raking it was considered as an unsuccessful response.
423 Each experimental animal was placed in the test cage in individual daily sessions lasting 3
424  minutes during 10-12 sessions (in the presurgical phase), for quantifying the number of successful
425  and unsuccessful responses with both paws, and the preferred paw (right or left) of each animal was
426  established. The total number of responses (successful and unsuccessful with both paws), and the
427  percentage of successful responses with the preferred paw with regard to the total number of
428  responses were scored. Furthermore, the paw-reaching test was used after inducing the injury (for
429  testing the efficiency of it) and during the rehabilitative therapy as well (Figure 10A).

430  4.2. Frontal motor cortex ablation.

431 Under deep anesthesia with Equithesin, each rat was positioned in a stereotaxic apparatus and
432  an incision was made over the forehead to expose the skull. Animals were randomly divided into
433  two groups. One group (n = 15) was subjected to a unilateral frontal motor cortex lesion. The other
434  group (n = 5) was sham-operated. Animals were lesioned by aspiration in the motor cortex
435  contralateral to the preferred paw or sham-operated. Cortical ablation was performed at the
436 coordinates indicated in previous studies [35, 36], to remove the forelimb area of the motor cortex. A
437  craniotomy was made unilaterally from 1 to 4 mm anterior to Bregma, and 1 to 3.5 mm lateral to the
438  midline. Corpus callosum established the ventral limits of the lesion. Using an operating microscope,
439  meninges were removed, and a glass pipette, connected to an aspiration pump, was introduced into
440  the cortex to remove the tissue. The typical size and localization of cortical ablation resulting from
441  this method has been described previously [35, 36, and is depicted in Figure 12.

442
443 Figure 12. Motor frontal cortex ablation. Photograph showing the severe cortical ablation induced in
444 the motor frontal cortex of the dominant hemisphere (black arrow). It can be seen at the bottom of the

445 lesion, a slightly whiter shade that corresponds to the corpus callosum (or white matter).
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446 Control animals underwent the same surgical procedure in the motor cortex contralateral to the
447  preferred paw, but no cortical ablation was induced in them (sham-operation). The effectiveness of
448  the lesion was verified at 7 dpi; the paw-reaching test established whether the lesion had been
449  effective: animals began to use their non-preferred paw for reaching food or the percentage of
450  successful responses with the preferred paw was significantly decreased regarding previous values
451  in the presurgical phase.

452 4.3. Treatment with GH and rehabilitative therapy.

453 The injured animals were treated with GH (LGH1 group) or vehicle (LV1 group) immediately
454 after motor cortex ablation. GH (thGH, Saizen, Merck; 0.15 mg/kg/day, s.c) was administered during
455 5 consecutive days commencing at 7 hours post-ablation (LGH1) (Figure 10A). The other group of
456  injured animals (LV1) received vehicle (0.1 M phosphate buffered saline, pH 7.4, PBS), following the
457  same temporal pattern as the animals treated with GH (Figure 10A). For control purposes, the group
458  of sham-operated animals received vehicle (CV1 group).

459 Rehabilitative therapy with the forced use of the affected paw, was performed as described in
460  our previous studies [35, 36, 41]; it was carried out during 9 consecutive days in daily sessions of 3
461  minutes, and it was applied to all animals (including sham-operated controls) (Fig. 10A).
462  Rehabilitative therapy began at 8 dpi, and the animals were sacrificed at 25 dpi (Figure 10A).

463  4.4. BrdU administration.

464 To analyze cell proliferation, 5-Bromo-2'-deoxyuridine (BrdU) was used. BrdU is a cell cycle
465  marker used in the adult rodent brain [57]; it is a thymidine analog that is incorporated into the newly
466  synthesized DNA. In animals that were sacrificed at 25 dpi, to evaluate the functional effect of the
467  GH treatment (Figure 10A), BrdU was administered together with 5-fluoro-2'-deoxyuridine (FdU),
468  an inhibitor of thymidine synthesis, to overcome the toxic and mutagenic effects of BrdU. The
469  dividing cells show greater avidity for BrdU when the availability of thymidine is limited; therefore,
470  lower doses of BrdU can be used if combined with FdU [58], overcoming the mutagenic effects of
471  BrdU and poor incorporation into the dividing DNA, therefore allowing the labeling of all S-phase
472  cells [59, 60]. No toxic or mutagenic effects of BrdU have been detected in animals injected with the
473  BrdU/FAU mixture [61, 62].

474 BrdU was dissolved in water at a concentration of 16 mg/ml. Animals received a daily injection
475  of BrdU/FdU (30 mg/kg BrdU / 3 mg/kg FdU, Sigma; ip) for 4 days. Injections commenced on day 1
476  after the lesion. No toxic effects of BrdU were detected along the 25 days of the experimental protocol.
477 In previous studies, we demonstrated that the lesion of hippocampus with kainic acid
478  stimulated the proliferation of neural precursors in the hippocampus, and that this effect was
479  significantly enhanced by the administration of GH [24]. In view of these findings, in this study some
480  injured rats treated with vehicle (LV2) or GH (LGH2) were injected with BrdU using a saturation
481  protocol (100 mg/kg), as in our previous study [24], and euthanized at 5 dpi (Figure 10B); these
482  animals did not receive rehabilitative therapy before being sacrificed.

483  4.5. Immunofluorescence.

484 To analyze the effect of GH on cortical cell proliferation after injury, at 5 dpi, some rats (n=5,
485  Figure 10B) were euthanized by intraperitoneal injection of Equithesin, and perfused transcardially
486  with saline (0.9% NaCl) followed by a fixing solution (4% paraformaldehyde in 0.1 M sodium
487  phosphate buffer, pH 7.4, PBS). Brains were dissected, post-fixed in the same fixative and
488  cryoprotected in 30% sucrose in PBS. Brains were cut in a freezing microtome, and 40 um thick
489  coronal sections were collected sequentially in 24-well plates. For BrdU staining, sections were
490 washed with PBS three times, denatured (2N HCl) for 30 min at 37 °C, neutralized with several rinses
491  with 0.1 M borate buffer, pH 8.5 for 30 min and washed with PBS three more times. Following several
492 rinses with PBS, sections were incubated in 0,1% sodium borohidrure (NaBH4) in PBS, to inactivate
493  the autofluorescence, overnight at 4°C. After several washes, the sections were incubated in a primary
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494  antibody solution: mouse anti-BrdU 1:100 (Abcam, ab136650) and rabbit anti-doublecortin 1:1000
495  (Abcam, ab18723) in PBS with 10 % goat normal serum and 0.3% Triton X-100, overnight, at 4 ° C.
496  The specificity of the labeling was verified in the control sections incubated without the primary
497  antibodies, in them no specific labeling was observed. The sections were washed three times in PBS,
498  and incubated with corresponding Cy2 and Cy3 conjugated, IgG, secondary antibodies, at 1:500
499 (Jackson Laboratories), in PBS with 10 % goat normal serum and 0,3% Triton X-100, for 2 h at room
500 temperature, in darkness. The sections were rinsed with PBS, mounted on slides and coverered with
501  Fluoroshield antifade reagent with DAPI (4,6-diamidino-2-phenylindole; F6057, Sigma).

502  4.6. Immunohistochemistry.

503 On completion the rehabilitative therapy, at 25 dpi, rats were euthanized by ip injection of
504  Equithesin and perfused transcardially as indicated before (Figure 10A). Brains were dissected, post-
505 fixed in the same fixative and cryoprotected in 30% sucrose in PBS. Brains were cut in a freezing
506  microtome, and 40 um thick coronal sections were taken throughout the brain. Free-floating brain
507  sections were used for immunohistochemical studies.

508 Sections were first incubated in 2N HCI and underwent several washes in borate buffer, as
509  indicated previously for BrdU staining. Following several rinses with Tris-phosphate buffer saline,
510  pH 7.4 (TPBS), sections were incubated in a block solution. The block solution included 3% horse
511  normal serum and 0.2% Triton X-100 in TPBS. Then, the sections were incubated in primary antibody
512  solution (mouse anti-BrdU, Abcam, 1:100 in TPBS with 1.5% horse normal serum) for 48 h, at 4 °C.
513  After incubation with the primary antibody, the sections were rinsed several times in TPBS and then
514  incubated in 0.3% hydrogen peroxide in TPBS for 12 minutes to inactivate the activity of the
515  endogenous peroxidase. After several rinses with TPBS, sections were placed in the secondary
516 antibody (1:200 biotinylated anti-mouse, IgG; Vector Laboratories) in TPBS. Sections were rinsed
517  several times in TPBS and incubated at room temperature for 2 h in a horseradish peroxidase complex
518  (ABC kit, Vector Laboratories). Immunoreactivity was then visualized using 3-3 'diaminobenzidine
519 tetrahydrochloride (DAB). Each run of immunohistochemical processing included tissue from all
520  groups to decrease the contribution of the effects of batches to immunostaining variability. The
521  specificity of the labeling was verified in the control sections incubated without the primary antibody,
522  in which no specific labeling was observed. Sections were mounted onto slides and coverslipped with
523  Entellan.

524 For nestin and actin detection, coronal sections were incubated in 0.3% hydrogen peroxide in
525  TPBS for 12 minutes, at room temperature, to inactivate the activity of endogenous peroxidase. They
526  were then subjected to several washes of TPBS, and then incubated in a block solution to avoid
527  binding to non-specific proteins. The block solution was composed of 0.2% Triton X-100 and 3% horse
528  normal serum in TPBS. Sections were incubated in a primary antibody solution (TPBS with 1.5 %
529  horse normal serum). The primary antibodies were: anti-nestin (mouse, clone Rat-401, 1:90;
530  Chemicon,) or anti-actin (polyclonal rabbit antibody, 0.2 pg/ml; Sigma). Incubations with the primary
531  antibody were performed overnight, at room temperature (nestin) or at 4°C (actin). After incubation
532  with the primary antibody, the sections were rinsed several times in TPBS and then placed in the
533  secondary antibody (1: 200 biotinylated anti-mouse or anti-rabbit, IgG; Vector Laboratories) in TPBS.
534  Sections were rinsed several times in TPBS and incubated at room temperature for 2 h in a
535  horseradish avidin-peroxidase complex (ABC kit, Vector Laboratories). Immunoreactivity was then
536  visualized using DAB. The specificity of antibody binding was verified with tissue sections incubated
537  without primary antibody, in which no specific labeling was observed. The nestin and actin
538 expression were restricted to striatum and thalamus, subcortical brain areas involved in the motor

539  activity.

540  4.7. Quantitative analysis.

541 Four animals (1 LGH2, 1 LV2, 1 LGH1, and 1 LV1) were analyzed at each time point after the
542  injury. Five to eleven 40 um-thick coronal sections per brain were selected across the region of interest
543  in each animal (from Bregma +4 mm to Bregma +1 mm for perilesional cortical BrdU studies). A
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544 systematic stereologic approach was used to count BrdU+ cells, in the perilesional (M1) motor cortex
545  with the 10x objective. Cell counts were performed using Image ] software compiled and analyzed.
546  Counting was performed by a blinded observer.

947  4.8. Statistical analysis.

548 The analysis of the data obtained was performed using the Statview and SPSS programs. The
549  group of animals treated with GH was compared to the group treated with vehicle and the control
550  sham-operated group. We compared the total number of responses (successful + unsuccessful with
951  both paws) and the percentage of successful responses with the preferred paw with respect to the
552 total number of responses. Fine motor skills results were analyzed by two-way (group and session)
553  analysis of variance (ANOVA). When global ANOVA showed a significant difference among groups
554  (p<0.05), partial ANOVA comparing the different groups in each session was made. The Bonferroni
955 post hoc test (p < 0.0167) was used to compare the individual means. The Student’s t-test was used to
556  compare the means in immunoflurescence studies.

557 5. Conclusions

558 From these data we can conclude that GH is a very important factor in the repair of an injured
559  brain, but its administration has to be accompanied by rehabilitative therapy, in order to achieve
560 functionally significant improvements. GH administration and rehabilitation induce significant
561  nestin re-expression in the undamaged contralateral motor cortex, but this effect seems to depend on
562  mechanisms of neural plasticity in resident cortical cells and not on neurogenesis. GH administration
563  also increases the expression of nestin in the striatum of injured rats, which may be involved in the
564  functional recovery after frontal motor cortex ablation. This damage by itself induces the expression
565  of nestin and actin in the activated microglia/macrophage cells in the VA/VL thalamic complex
566 ipsilateral to the lesion produced, who probably play a key role in the remodeling of the cellular
567  cytoskeleton that allows the development of compensatory brain plasticity responsible for the
568  observed functional improvements.
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